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Double-stranded DNA wraps around the histone octamer to form nucleosomes. 
This nucleosome beads on the DNA string structure is the first level of 
chromatin packing. The next level of nucleosome arrangement remains 
controversial. The current textbook 30-nm chromatin fiber model describes 
that nucleosomes are packed into compact regular fiber-like structure with a 
diameter of ~ 30 nm. Evidence supporting this notion comes mainly from in 
vitro studies using purified or artificially reconstituted chromatin. One-start 
solenoid helix and two-start zigzag models have been proposed to explain the 
internucleosomal interactions in the fiber. The 30-nm fiber structure was also 
discovered in a few terminally differentiated cell types such as chicken 
erythrocytes and marine invertebrate sperms. However, a few recent cryo-EM 
studies directly visualized the nucleus interior in situ in both human cell and 
plant cell. No periodic chromatin fiber was detected. Nucleosome arrangement 
was found to be disordered and irregular. To explain these new results, 
polymer-melt-like model was proposed. Another chromatin conformation 
capture-based study mapped internucleosomal interactions in S. cerevisiae and 
did not detect any long-range periodicity. This finding was inconsistent with 
the chromatin fiber model. Instead, ligation between alternating nucleosomes 
was abundant, suggesting a tri- or tetra-nucleosome motif.   
 
Here, we study the chromatin 3-D organization in S. cerevisiae using cryo-
electron tomography of vitreous sectioning. Yeast cells are arrested at G1 and 
metaphase, respectively. The cells are then high-pressure frozen and cut into 
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vitreous sections. Tomograms are collected over the nucleus region, which 
allow us to visualize the nucleosome densities in 3-D. In both cells, no 
chromatin fiber structure can be detected in the nucleus. Arrangement of 
nucleosomes is irregular and highly disordered. Rotational average plots of 
power spectra from the tomograms confirm the lack of peak at ~ 30 nm 
spacing. As a comparison, in cytoplasm where 25-nm ribosomes are abundant, 
the plot shows a broad peak at ~ 30 nm spacing. Therefore our data show that 
in yeast, chromatin is not organized as periodic 30-nm fiber. This conclusion 
is also confirmed by our cryo-FIB milling control. When examined closely, 
local nucleosomes do form cluster in our tomogram, even though the 
oligonucleosome structure is highly heterogeneous. 
 
Based on our and others’ data, we propose that nucleosomes are arranged as 
polymer-melt, where oligonucleosome clusters regulate the short-range 
internucleosomal interactions.  
 
In this thesis, we also present preliminary result from a side project, which 
focuses on the kinetochore-microtubule structure in S. cerevisiae. We test the 
Dam1-ring-based hypothesis by locating the kinetochore region. We visualize 
the plus end of microtubules from both G1 and metaphase cells. We cannot 
conclusively attribute any circular densities to the Dam1 complex. More work 
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Chapter 1 : Introduction 
1.1 Overview of chromatin organization 
Inside a living eukaryotic cell, chromatins are packed into a tiny volume one 
millionth of their extended size yet at the same time are being accessed to by 
various transcription factors, polymerases and nucleases to carry out their 
individual functions. There are different levels of chromatin packing. The first 
level involves double-stranded DNA wrapping around histone proteins to form 
a nucleosome core particle (Kornberg, 1977). The atomic structure of the 
nucleosome core particle was solved almost two decades ago and shows that 
146 bp of DNA are wrapped ~1.7 turns around an histone octamer composed 
of two copies of each H2A, H2B, H3 and H4 histone proteins (Luger et al., 
1997). Along the DNA strand, individual nucleosomes are connected by linker 
DNA. Under conventional EM, nucleosome particles appear as beads on the 
DNA string and therefore, this first level of chromatin packing is often 
referred to as “beads-on-a-string” structure (Olins and Olins, 1974).  
 
The next level of chromatin packing involves assembling nucleosomes into 
high-order structures. In 1976, Finch and Klug extracted chromatin from rat 
liver nuclei and resuspended it in presence of Mg2+ (Finch and Klug, 1976). 
The chromatin sample was negatively stained and observed under 
conventional electron microscope (EM). They found that purified chromatin 
was in a condensed state and formed thick fibers that were 30-50 nm in 
diameter. Consecutive nucleosomes were positioned next to each other and 
formed a one-start helix, which Finch and Klug named solenoid fiber. This is 
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the first experimental evidence that chromatin is packed into 30-nm fiber in 
vitro.  
 
Since then, more and more studies focused on how nucleosomes were packed 
inside the 30-nm fiber, using various kinds of chromatin samples. The 
chromatin fiber model gradually became widely accepted and the 30-nm fiber 
packing is now considered to be an important level of chromatin organization 
inside living eukaryotes. However, several studies failed to detect any fibrous 
chromatin structure inside human cells and plants (Eltsov et al., 2008; Gan et 
al., 2013; McDowall et al., 1986). These results cast doubt upon the relevance 
of 30-nm fiber in intact living cells. In this part of overview, we introduce 
studies that support the 30-nm fiber model as well as researches that contradict 
the fiber model. 
1.1.1 Evidence for the 30-nm chromatin fiber model 
1.1.1.1 In vitro evidence 
The majority of in vitro chromatin studies used isolated chromatin or nuclei 
extracted from various organisms. Rattner and Hamkalo lysed mouse L929 
cells in non-ionic detergent with 0.1 mM MgCl2 (Rattner and Hamkalo, 1978). 
Subsequently, they negatively stained the chromatin with uranyl acetate (UA) 
and observed the sample using conventional EM. Striations across the fiber 
width were detected, which suggested a helical folding similar to the 
solenoidal model proposed by Finch and Klug (Finch and Klug, 1976). Olins 
and Olins extracted chicken erythrocyte nuclei (CEN) in presence of 20 mM 
KCl and fixed the nuclei with glutaraldehyde plus osmium tetroxide (Olins 
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and Olins, 1979). Sections were cut and stained before being imaged by EM. 
Chromatin fibers with a diameter of 25 nm could be resolved by stereo EM 
imaging. 
 
Other than solenoid helix model, zigzag ribbon model was proposed by 
Worcel et al. to explain the nucleosomal folding path in the 30-nm chromatin 
fibers (Worcel et al., 1981). Embryonic CEN were first digested with 
endogenous nuclease, and then were suspended in EDTA to allow chromatin 
to partially decondense. The 25-nm chromatin fiber formed a twisted ribbon, 
with nucleosomes being packed into “two-track” arrays and the linker DNA 
being in a zigzag manner in between (Worcel et al., 1981). The major 
difference between the zigzag ribbon model and the solenoidal model is that in 
the solenoidal model, neighboring nucleosomes stack onto each other and 
form a one-track helical path, whereas in the zigzag ribbon model, alternating 
nucleosomes stack onto each other along the two tracks of a ribbon. 
 
Woodcock et al. further investigated possible folding steps of the 30-nm fiber 
(Woodcock et al., 1984). Interphase mouse L929 cells and interphase chicken 
cell line MSB cells were lysed to extract the chromatin. Isolated chicken 
erythrocytes were used to prepare oligonucleosomes by micrococcal nuclease 
digestion after chromatin purification. Despite the difference in cell type and 
preparation method, full-length chromatin and oligonucleosomes showed a 
consistent conformation, which was formed by folding of the zigzag 
nucleosome arrays into a two-track 30-nm fiber structure, consistent with the 
zigzag ribbon model. With increasing concentration of NaCl, chromatin fibers 
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transformed from loose folding to tight compaction. During compaction, the 
face-to-face stacking of nucleosomes was maintained. Electron scattering 
measurements showed that the number of nucleosomes per length was 
dependent on ionic strength and the diameter of the fiber was not dependent 
on the nucleosome repeat length.  
 
Bednar et al. applied the cryo-EM technique to image the 30-nm chromatin 
fibers in solution with increasing NaCl concentrations (Bednar et al., 1995). 
With 5 mM NaCl, tri-nucleosomes adopted a triangular conformation, 
showing the simplest zigzag structure. A zigzag trajectory of nucleosomes was 
also revealed in tetra-, penta-, and hexa-nucleosomes. With increasing 
concentration of NaCl, oligonucleosomes became more compact. With 40 mM 
NaCl, short and compact 30-nm fiber structures could be clearly resolved in 
the cryo-EM images and the zigzag conformation was maintained.  
 
The heterogeneous nature of purified chromatin prevents high-resolution 
chromatin fiber structures from being resolved. Therefore researchers utilized 
reconstituted chromatin samples in order to solve the detailed nucleosomal 
interactions in the 30-nm fiber. Robinson et al. reconstituted the strong 
nucleosomal binding 601 DNA arrays (Lowary and Widom, 1998) into 
nucleosomes with histone octamer and linker H5. Under conventional EM, 
compact 30-nm fibers folded from the nucleosome arrays were visualized. 
Structural analysis revealed an interdigitated one-start helix conformation with 
a diameter of 33 nm. Nucleosomes adopt tight packing and show regular face-
to-face interaction. More recently, Song et al. determined the 3-D structure of 
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12-mer reconstituted chromatin fibers at ~11 Å resolution (Song et al., 2014). 
The 3-D map showed that four successive nucleosomes zigzag back and forth 
to form a tetranucleosomal unit. The three tetranucleosomal units twisted 
against each other to form a compact zigzag two-start helix. 
 
1.1.1.2 In situ evidence 
Besides the in vitro evidence, a few in situ studies also discovered the 
presence of 30-nm chromatin fiber in various organisms. In 1994, Woodcock 
first used cryosectioning technique to visualize the interior of the nucleus in 
three distinctive organisms for chromatin studies (Woodcock, 1994). Patiria 
miniata (starfish) and Thyone briareus (sea cucumber) sperms cells were 
harvested and resuspended in Hepes-NaCl, cut into cryosections and imaged 
under cryo-EM. In both sperms cells, chromatin fibers could be clearly seen 
inside the nucleus. Woodcock also isolated nuclei from chicken erythrocytes 
and analyzed the cryosections containing CEN. Chromatin fibers were visible 
and showed similar appearances to those in sperm cells. 
 
To study the organization of 30-nm fiber in 3-D, Scheffer et al. used 
tomography of vitreous section to determine the chromatin structure from 
isolated CEN with chromatin exposed to the isolation buffer (Scheffer et al., 
2011). The ionic strength of the dextran was equivalent to that of 2 mM MgCl2. 
30-nm chromatin fibers were discernible in the tomograms. To increase the 
resolution, subtomogram averaging was performed. The 3-D average 
displayed a two-start helix with nucleosomes juxtaposed face-to-face with 
each other. The map also showed larger than expected internucleosomal 
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center-to-center distance, which excluded core-to-core interactions and offered 
explanation for DNA accessibility inside the fiber.  
 
1.1.1.3 Critiques of 30-nm fiber research 
Certain limitations make the 30-nm chromatin fiber study still inconclusive. 
For studies using purified chromatin, cell lysis and chromatin digestion by 
nuclease are two unavoidable steps, which disrupt the cell and change the 
physiological environment of the chromatin. It will inevitably affect chromatin 
conformation. A study compared in situ and isolated chromatin arrangements 
and discovered that chromatin refolded when being released from the nuclei 
(Giannasca et al., 1993). Isolated chromatin fibers became wider and more 
compact than those inside the nucleus. This result suggested that isolated 
chromatin fiber might not resemble its original in situ organization. In addition, 
the buffer used to resuspend purified chromatin is significantly different from 
the native nucleoplasm condition inside the nucleus. Proteins that modulate 
higher-order chromatin structures are absent from the resuspension buffer 
(Varga-Weisz and Becker, 2006). Upon release from the nucleus, chromatin 
becomes much more diluted and the nucleosome-nucleosome crowding effects 
are reduced compared to the native environment (Maeshima et al., 2010). The 
concentration of divalent ions such as Mg2+ in the resuspension buffer is also 
lower than in the nucleus (Strick et al., 2002). All these differences between 
buffer conditions will likely induce chromatin conformational change during 




Another limitation is that in situ 30-nm chromatin fiber was only discovered in 
either chicken erythrocyte nuclei or in marine invertebrate sperm cells such as 
sea urchin. These cells are terminally differentiated, where transcription is 
essentially shut down (Cameron and Prescott, 1963; Slater and Loeb, 1970). 
Chromatin organization in these cell types might be different from 
metabolically active cells and therefore cannot be regarded as a representative 
of all eukaryotic cells.  
 
For studies using reconstituted chromatin, the 601 DNA sequence was 
selected from random synthetic DNA molecules due to its strong affinity to 
histone octamer (Lowary and Widom, 1998). This sequence does not exist in 
nature and does not reflect the true scenario inside the living cell.  
 
From a technical point of view, sample preparation for conventional EM 
requires the sample to be dehydrated, fixed, chemically cross-linked and 
stained before being imaged. All these steps distort the native structure and 
compromise the resolution of molecular details (Bozzola and Russell, 1999).  
1.1.2 Evidence for alternative chromatin packing model 
Technical advances in the cryo-EM field over the past decade made it possible 
to directly visualize the chromatin organization in situ with high resolution. In 
2008, Eltsov et al. studied the nucleosome arrangement in mitotic HeLa cells 
(Eltsov et al., 2008). HeLa S3 cells were high-pressured frozen and cut into 
40-nm thick cryosections. The sections were subsequently imaged under a 
cryo-EM. Nucleosomes displayed as a homogenous grainy texture and no 30-
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nm fiber structure could be detected. The authors also used rotational average 
of the power spectrum from the image to quantitatively assess the 30-nm 
signal. Power spectrum of the cryo-EM image shows the relative amplitude of 
signal at certain spacing along a certain direction. Rationally averaged power 
spectrum (1-DRAPS) plots the amplitudes averaged from all directions as a 
function of spacing. For example, 1-DRAPS of randomly packed chromatin 
should have a peak at ~ 11 nm spacing, which represents nucleosomes. In 
contrast, for 30-nm chromatin fibers, besides the ~ 11 nm peak, a peak at ~ 30 
nm should also be detected, which comes from the fiber. Eltsov et al. found 
that the resultant 1-DRAPS plot from the HeLa chromosome region in situ 
showed the highest peak at ~ 11 nm spacing, suggesting that features of this 
size dominated in the image (Eltsov et al., 2008). To understand the origin of 
this peak, the authors conducted chromosome swelling experiment by 
incubating purified chromosome samples in buffers with different ionic 
strength. With decreasing concentration of Mg2+ in the buffer, chromosome 
gradually swelled and the 1-DRAPS plots showed a peak shift from 11 nm 
spacing towards lower spacing. This result suggested that the 11 nm peak 
came from close-neighbor distance between nucleosomes (Eltsov et al., 2008). 
More importantly, from the 1-DRAPS plot of in situ chromosome region, 
there was no evidence for a peak at ~ 30 nm spacing. As a comparison, 1-
DRAPS plot of cytoplasmic region, where 25-nm ribosomes were abundant, 
showed a peak at 30-40 nm range. Based on this evidence, the authors 
proposed the polymer-melt-like model to explain the chromatin organization 
in human cells. Instead of 30-nm fiber, nucleosomes were highly disorganized 
and interdigitated, comparable to a polymer melt. More recently, Gan et al. 
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studied the chromatin organization in a picoplankton using electron 
tomography (Gan et al., 2013). Mitotic Ostreococcus tauri cells were high-
pressure frozen and cut into thin cryosections. Tilt series was collected in the 
cryo-EM and reconstructed into tomograms, which revealed 3-D information 
inside the nucleus. They also did not observe any chromatin fiber structures. 
Instead, nucleosomes were disordered and resembled the polymer-melt-like 
model.  
 
The lack of 30-nm chromatin fiber in situ was also confirmed by studies using 
techniques other than cryo-EM. Nishino et al. studied human chromosomes by 
Small-angle X-ray scattering (SAXS) experiment, which detects periodic 
biological structures, such as the 30-nm fiber (Nishino et al., 2012). A 
previous study reported SAXS peaks at 30 nm in mitotic chromosomes and 
postulated that the peak was due to chromatin fiber packing (Langmore and 
Paulson, 1983). Nishino et al. combined SAXS with cryo-EM to show that this 
spurious peak was actually from contaminating ribosomes aggregated around 
the chromosomes. They removed the ribosomes and performed the SAXS 
experiment again. The 30-nm peak mostly disappeared. Only SAXS peaks at 6 
nm and 11 nm were detected, which corresponded to nucleosome dimensions 
(Nishino et al., 2012). The authors concluded that human mitotic 
chromosomes consist of irregularly arranged nucleosomes. In addition, a 
recent Micro-C based study also failed to find evidence for periodic 
internuclesomal interactions in S. cerevisiae and suggested that chromatin 
fiber may be uncommon in vivo (Hsieh et al., 2015). Instead, interactions 
between alternating nucleosomes from a chromatin, which was named as 
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N/N+2 nucleosome pair, were abundant, implying a tri- or tetra-nucleosome 
folding motif. Our current understanding of chromatin organization is 
illustrated in Fig. 1-1. 
 
Figure 1-1 Illustration of chromatin organization  
The first level for chromatin organization is the beads-on-a-string structure. 
Purified chromatin in buffer without cation usually adopts this conformation. 
When Ca2+ is present, nucleosomes pack into the 30-nm fiber. Chromatin in 
proliferating cells is polymer-melt-like. In yeast, there has not been direct 
visualization of chromatin organization. Nucleosomes are represented by blue 
cylinders. Linker DNA is modeled as black curves. This figure is adapted 







1.2 Overview of kinetochore-microtubule attachment architecture  
1.2.1 Mitosis 
During cell division, a cell segregates its duplicated genomes into two 
daughter cells through a process called mitosis. Mitosis is critical because all 
chromosomes are to be segregated properly so that each daughter cell 
maintains its genomic integrity. Malfunction of mitosis leads to abnormal 
number of chromosomes, which is the known as aneuploidy (Holland and 
Cleveland, 2009). Aneuploidy is a typical characteristic of cancer cells 
(Weaver et al., 2007). Therefore understanding how chromosomes are 
segregated is crucial to tackle the problem of tumor.  
 
The machinery responsible for mitosis is spindle. At two spindle poles, 
microtubules (MT) are emanated from the microtubule-organizing center 
(MTOC) (Knop et al., 1999). The MTOC in S. cerevisiae is known as spindle 
pole body (SPB). Unlike mammalian cells, budding yeast undergoes “closed” 
mitosis, which means that the nuclear envelope does not break down 
throughout the cell cycle (Tanaka et al., 2005). Two SPBs are embedded in the 
nuclear envelope at two spindle poles.  
 
During mitosis, MTs’ plus ends are captured by kinetochores on chromosomes 
(Kalinina et al., 2013; Tanaka et al., 2005). Bi-orientation is achieved when 
one sister chromatid’s kinetochore attaches MTs from one pole while the other 
sister chromatin’s kinetochore attaches MTs from the opposite pole (Tanaka et 
al., 2005). Bi-orientation triggers a signal for sister chromatins to be separated. 
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After chromosome segregation, the cell starts to undergo cytokinesis, which 
will eventually create two daughters (Balasubramanian et al., 2004). On one 
chromosome, the location where kinetochore is assembled is called 
centromere. A centromere is composed of centromeric DNA and centromeric 
nucleosome. Depending on the organism, the centromeric DNA can be as 
short as ~150 bp (a point centromere in S. cerevisiae) or as long as several 
mega base pairs (a regional centromere in human) (Verdaasdonk and Bloom, 
2011). In S. cerevisiae, the centromeric nucleosome has a variant of canonical 
histone H3 protein called Cse4 (Furuyama and Biggins, 2007; Meluh et al., 
1998). The Kinetochore is a macromolecular assembly responsible for the 
attachment between centromere and MT. A kinetochore consists of ~100 
different proteins and can be divided into two regions: inner kinetochore 
region and outer kinetochore region (McEwen et al., 1998). The outer 
kinetochore consists of the KMN network (Knl1 complex, Mis12 complex and 
Ndc80 complex). The Ndc80 complex interacts with MT lattice directly 
(Alushin et al., 2010; Cheeseman et al., 2006). The stability between 
kinetochore-MT attachment is regulated by Aurora B kinase (Krenn and 
Musacchio, 2015; Tien et al., 2010). Inner kinetochore region interacts with 
both the centromere and the outer kinetochore region (Kato et al., 2013). In 
budding yeast, the kinetochores have been shown to be associated with 
centromeres throughout the cell cycle (Cheeseman et al., 2001b; Winey and 
O'Toole, 2001).  
 
1.2.2 Spindle assembly checkpoint 
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Chromosome segregation is tightly regulated. Only when all sister chromatids 
inside a cell are attached to MTs properly and bi-orientated, the anaphase-
promoting complex (APC/C) is activated, which ubiquitinates the separase-
associated securin (Herzog et al., 2009). The resultant ubiquitinated securin is 
then degraded by 26S proteasome (Zachariae and Nasmyth, 1999). 
Consequently, the free separase cleaves cohesin that holds sister chromatins 
together (Remeseiro and Losada, 2013). Two sister chromatid are 
subsequently segregated by forces generated from MT depolymerization.  
 
Mis-attachment happens when two sister chromatids are attached to the same 
spindle pole body (so-called syntelic attachment). In other cells whose 
kinetochores have multiple microtubule attachment sites, mis-attachment can 
also happen when one kinetochore is attached to both poles (merotelic 
attachment). In case of these errors, the spindle assembly checkpoint (SAC) is 
activated and the mitotic checkpoint complex (MCC) is assembled (Chao et al., 
2012), which sequesters a co-activator of APC/C called CDC20. As a result, 
the APC/C complex is inactivated and sister chromatins stay unsegregated 
(Musacchio and Salmon, 2007). This process prevents improper chromosome 
segregation. In S. cerevisiae, SAC is extremely sensitive. A single erroneously 
attached kinetochore is sufficient to activate SAC and delay the onset of 
anaphase (Foley and Kapoor, 2013; Stukenberg and Burke, 2015). The power 
of yeast genetics allows us to manually perturb the SAC. For instance, in 
CDC20-deleted mutant, cells are arrested at metaphase indefinitely due to the 
inactivation of APC/C (Musacchio and Salmon, 2007).  
1.2.3 Dam1 complex and its role in chromosome segregation 
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Dam1 protein complex is a heterodecamer at the outer kinetochore region and 
is composed of Dam1p, Duo1p, Dad1, Dad2, Dad3, Dad4, Ask1, Spc19, 
Spc34 and Hsk3 (Cheeseman et al., 2001a). Welburn et al. hypothesized that 
Ska1 complex might act as a Dam1 functional homologue in human cells 
(Welburn et al., 2009). In budding yeast, Dam1 complex has been shown to be 
associated with kinetochore throughout the cell cycle and plays an important 
role in chromosome segregation (Cheeseman et al., 2001a). Cheeseman et al. 
found that dam1p and duo1p mutants are arrested in mitosis possibly because 
of SAC activation and exhibit deformed spindle structure (Cheeseman et al., 
2001b). Kiermaier et al. and Lacefield et al. both showed that recruitment of 
Dam1 complex components to a plasmid could generate an artificial 
kinetochore that was able to perform similar functions as a natural kinetochore 
(Kiermaier et al., 2009; Lacefield et al., 2009).  
 
In vitro studies found that Dam1p, Duo1p, Dad1, Dad2, Dad3, Dad4, Ask1, 
Spc19, Spc34 and Hsk3 first assemble into a ~ 200 kDa rod-shaped complex 
unit (Ramey et al., 2011a). When MTs are present, multiple copies of the 10-
protein complex form a ring-like structure with a diameter of 50 nm around 
the MT (Wang et al., 2007). Docking of Dam1 dimer into the ring structure 
reveals no major conformational change during Dam1 assembly around the 
MT (Ramey et al., 2011b). Wstermann et al. showed that Dam1 ring could 
diffuse along the MT lattice and the movement was consistent with a sliding 
mechanism (Westermann et al., 2006). By developing in vitro motility assay, 
Asbury et al. showed that in vitro, the Dam1 ring was able to induce tension 




One of the most intriguing questions in mitosis is how forces generated by 
microtubule depolymerization are converted to forces that move chromosomes 
poleward. There are currently two major hypotheses (McIntosh, 2005). One is 
that Dam1 ring encircling the microtubule forms at the outer kinetochore 
region in vivo (Miranda et al., 2005; Westermann et al., 2005). When the 
microtubule depolymerizes, the ring moves towards the minus end to pull the 
chromosome (Westermann et al., 2006) (Fig. 1-2A). The other hypothesis is 
that there are fibrils connecting the curving microtubule protofilaments and 
the kinetochore (McIntosh et al., 2008). These fibrils couple MT dynamics 




Figure 1-2 Illustration of possible kinetochore architectures 
(A) Kinetochore architecture based on the ring hypothesis. Red circle 
indicates the Dam1 ring complex; green spheres indicate tubulins; grey 
shapes indicate the Ndc80 complex; light yellow rectangle indicates the 
inner kinetochore region; blue sphere indicates the centromeric 
nucleosome. This figure is adapted from (Alushin and Nogales, 2011). 
(B) Kinetochore architecture based on the fibril hypothesis. Instead of a ring, 
fibrils (purple curves) connect protofilaments with inner kinetochore. 





1.3 Overview of cryo-ET and cryosectioning 
The resolution of microscopy is theoretically limited to half of the wavelength 
of the imaging probe due to diffraction. For instance, wavelength spectrum for 
photons in visible light is 400 to 700 nm and as a result, the resolution of light 
microscopy is on the order of 200 nm (Henderson, 1995). Super-resolution 
microscopy techniques such as STORM have the capability of localizing 
fluorophore-labelled biomolecules to within 20 nm accuracy (Rust et al., 
2006). Nevertheless, it is still insufficient for us to resolve the molecular 
details inside a cell or the atomic structure of a macromolecular complex, 
which requires sub-nm resolution. On the other hand, the wavelength of a 300 
keV electron is only 1.97 pm 
(http://advancedmicroscopy.utah.edu/education/electron-micro/) and in theory, 
EM resolution limit is negligible compared to the size of atoms. As a result, 
EM has been a very successful tool to study biological samples both in vitro 
and in situ since it was first used more than 70 years ago (Asano et al., 2016; 
Bai et al., 2015; Winey et al., 2014). 
1.3.1 Introduction to conventional TEM 
The column of a TEM must be maintained at high vacuum during imaging to 
avoid the interference of gas molecules in the air on electrons. The water 
molecules, which are abundant in all types of biological samples, would 
evaporate rapidly in vacuum (Bachmann and Mayer, 1987). It means that 
water molecules should either be removed or immobilized before a sample 
could be loaded into the EM for imaging. In conventional TEM, a cell or 
tissue sample is first chemically fixed by glutaraldehyde to cross-link proteins 
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in situ. The fixed sample is then dehydrated by using increasing 
concentrations of a solvent (e.g. acetone or ethanol) to remove the water 
molecules (Winey et al., 2014). Alternatively, the sample can be high-pressure 
frozen and then subjected to a process called freeze substitution to replace 
water with the solvent while the sample is progressively warmed up to room 
temperature (Möbius et al., 2016). Next, the sample is embedded in resin, 
which can be polymerized into plastic. Therefore this step is also known as 
plastic embedding. The embedded sample can then be cut into thin sections. 
Before being imaged, the sample is also stained against heavy metal to 
improve contrast (Winey et al., 2014). Conventional EM has allowed 
microscopists to observe the ultrastructure inside cells and to investigate the 
assembly of macromolecular complexes. For example, Richard McIntosh's 
group studied the 3-D organization of spindle microtubules in both S. pombe 
(Ding et al., 1993) and S. cerevisiae (Winey et al., 1995) by freeze substitution, 
plastic embedding and sectioning. More recently, Tamir Gonen’s group 
characterized isolated kinetochore particles by negative staining. (Gonen et al., 
2012). 
However, the sample prepared for conventional TEM can suffer from severe 
irreversible artifacts. Chemical crosslinking, dehydration, and plastic 
embedding can distort the ultrastructure and make finer details invisible 
(Bozzola and Russell, 1999). Also, in the image, the contrast is from the 
staining metal instead of proteins. As a result, all the fine details are blurred 
and authenticity of a biological sample is lost.  
1.3.2 Introduction to cryo-EM 
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To image aqueous biological samples inside the vacuum column of a modern 
TEM, water molecules must be frozen to be stabilized. Before the invention of 
cryo-EM, the biggest problem is that during freezing, ice crystal formation is 
detrimental to protein structures. When water molecules rearrange into 
crystalline ice (hexagonal or cubic ice), a phase separation between proteins 
and the bound water occurs (Dubochet, 2007). Bruggeller and Mayer reported 
the first experimental proof that pure liquid water could be vitrified by rapid 
cooling (Bruggeller and Mayer, 1980). Shortly after, Dubochet and McDowall 
vitrified pure water by plunging it into liquid ethane for direct observation 
under the EM (Dubochet and McDowall, 1981). They showed that when the 
freezing rate is higher than 10,000 °C/s, water molecules are immobilized 
instantaneously without rearrangement and are amorphous. Then in 1984, 
Dubochet and colleagues used this method to vitrify intact virus particles and 
successfully showed that in the vitreous sample, water molecules are 
amorphous and proteins are well preserved in a native-like state (Adrian et al., 
1984). This finding revolutionized the structural biology research and cryo-
EM has gradually become a popular technique to study cellular structures and 
purified complexes in a near-native state, without staining or fixation.  
 
Cryo-EM is able to generate 3-D volume of the sample. Native biological 
samples are composed of atoms with low atomic number and as a result, phase 
contrast dominates when imaging unstained samples. Phase contrast arises 
primarily from the interference of scattered electrons with primary, 
unscattered electron beam (Lucic et al., 2012) and can be mathematically 
modeled by contrast transfer function (CTF) (Wade, 1992). To increase the 
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contrast, the image is typically acquired at a certain underfocusing value. An 
image can be linearly approximated as a parallel projection of the sample 
along the electron beam direction and is convoluted by the CTF (Wade, 1992). 
According to the back-projection theorem, the 3-D information of a density 
can be restored from its projections (Radermacher, 1992). Based on the 
methods of generating 3-D map, cryo-EM can be broadly classified into two 
classes: single particle analysis (SPA) and electron tomography (ET). To 
perform SPA, macromolecular complexes (e.g. virus, proteins complexes) are 
purified into identical or similar conformations (Cheng et al., 2015). These 
particles are then plunge-frozen (see below) and imaged using a TEM 
operating at liquid nitrogen (LN2) temperature. Ten of thousands of images of 
individual particles at different orientation are collected. Using sophisticated 
softwares such as RELION (Scheres, 2012) or EMAN2 (Tang et al., 2007), 
these images representing the same structure from different views are 
classified and back-projected into a 3-D map (Radermacher, 1992), which is 
the representation of the particle. Subsequently atomic models can be built 
based on the 3-D map (Cheng et al., 2015).  
 
The biggest advantage of SPA over X-ray crystallography is that protein 
crystallization is no longer needed. Therefore SPA has been applied to solve 
structures of membrane protein or macromolecular complexes, which are 
difficult to crystalize (Cheng et al., 2015). With the development of better 
image analysis software and better cameras, it is now possible to achieve high 
resolution of 3-4 Å (Bai et al., 2013; Liao et al., 2013; Yan et al., 2015). 
However, SPA can only be applied to study purified macromolecular complex 
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with identical or similar conformations. For a sample type that no two look 
alike, such as a cell, cryo-electron tomography (cryo-ET) is the method of 
choice. 
1.3.3 Introduction to cryo-ET 
1.3.3.1 Principles of cryo-ET 
For cryo-ET, the 3-D volume, which is known as a tomogram, is computed by 
imaging the same object at different angles. An image is first acquired at 0°. 
The sample is then tilted along a fixed axis for a small angle and a second 
image is collected. This process is repeated at all possible angles and a stack 
of image of the same sample is collected. This tilt series of images can be 
reconstructed into a 3-D tomogram via algorithms such as weighted back 
projection (Radermacher, 1992). The theoretical resolution of a tomogram can 
be computed by the Crowther criterion (Crowther et al., 1970): 𝒎   ≈ 𝝅×𝑫/𝒅 
where 𝒎 is the number of images, 𝑫 is the sample thickness and 𝒅 is the 
resolution. With a given number of images, the thicker the sample is, the 
lower the achievable resolution is. 
 
There are several aspects that should be considered when doing cryo-ET in 
practice. First, vitreous sample is extremely sensitive to electron radiation. 
Electrons can ionize the sample, break bonds and produce secondary electrons 
and free radicals (Baker and Rubinstein, 2010). Even worse, electrons can 
induce hydrogen gas, which distorts the ultrastructure of a cell (Iancu et al., 
2006). As a result, the total incident electron dose should be kept minimal to 
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preserve the high-resolution details of the sample. In reality, the total dose for 
a tilt series is ~ 100 e/Å2. Due to this relatively low dose, cryo-ET often 
suffers from low signal-to-noise ratio and a tomogram can appear very noisy. 
Second, electron interacts with matter strongly and therefore, the mean free 
path of electrons in vitreous water is very short (i.e. 100- 200 nm for a 300 
keV electron) (Grimm et al., 1996). It is critical that the sample must be thin to 
achieve high resolution. The signal of electron is essentially lost once the 
sample is thicker than 1 µm. In addition, the effective thickness of the sample 
also increases with the tilt angle α as a function of 1/cos(α). Third, due to the 
confinement of the sample carrier, the tilt range is typically limited from ~ -60° 
to ~ 60°. Beyond that, the electron beam may be blocked by the grid bar. 
Consequently, there is data missing at certain angles. In Fourier space, the 
unsampled region forms a wedge shape and therefore it is also known as 
“missing wedge artifact”. The missing wedge artifact leads to distortion and 
the feature appears elongated along the beam direction (Koster et al., 1997). It 
is possible to reduce the amount of missing information by dual-axis tilting 
but it is rarely implemented for cryo-ET due to the need for additional electron 
exposure.  
 
Lastly, as mentioned above, the image is convoluted by CTF (Wade, 1992), 
which is described as: 𝑪𝑻𝑭(𝒔) = − 𝟏− 𝑸𝟐 𝐬𝐢𝐧(𝝅∆𝒛𝝀𝒔𝟐 − 𝝅𝟐 𝑪𝒔 𝝀𝟑𝒔𝟒)+ 𝑸 𝐜𝐨𝐬(𝝅∆𝒛𝝀𝒔𝟐 − 𝝅𝟐 𝑪𝒔 𝝀𝟑𝒔𝟒)  
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where 𝒔 is spatial frequency, ∆𝒛 is the defocus (positive for underfocus), 𝝀 is 
electron wavelength, 𝑪𝒔 is spherical aberration coefficient and 𝑸 is the 
fraction of amplitude contrast. The sine and cosine terms are phase CTF and 
amplitude CTF, respectively. The wavelength for 300 KeV electrons is 
0.00197 nm and the spherical aberration coefficient of the TEM used in this 
thesis is 2.7 mm. With 10-µm underfocus, the CTF curve can be plotted as a 
function of spatial frequency shown in Fig. 1-3. 
 
Figure 1-3 CTF plot 




As evident from the plot, CTF is a sinusoid-like function and the oscillatory 
nature of CTF causes the phase to be reversed between successive odd and 
even zero-crossing frequencies (Xiong et al., 2009). CTF distorts high-
resolution information in an image. In the above plot, the theoretical resolution 
is limited to the first zero-crossing frequency, which is ~ 4.4 nm in real space. 
To retrieve the high-resolution information, zero-crossing frequencies can be 
determined from the image and incorrect phases are flipped to restore the true 




1.3.3.2 Sample preparation for cryo-ET 
The sample carrier used for cryo-ET is a grid. It has two components: the 
metal meshed grid and the carbon film. The most common grid mesh is made 
of copper. Other grid types such as nickel, aluminum, gold or titanium grid are 
also commercially available. The standard diameter is 3.05 mm and the typical 
mesh size is 200. On top of the metal grid is a thin layer of supporting carbon 
film. The carbon is amorphous and the film is extremely thin (20-50 nm), 
which is electron transparent. The typical carbon film has regular holes and 
the biological samples are suspended in vitreous ice inside these holes (Quispe 
et al., 2007). Hole size can range from 1 µm to 4 µm and the distance between 
two holes can vary as well. Therefore, a grid type is denoted by its mesh size, 
hole size and hole-to-hole distance. The holey carbon film grid is optimized 
for plunge freezing. On the other hand, for other samples such as a cryosection, 
continuous carbon film may provide better support.  
 
For cryo-EM, the sample must be frozen in vitreous ice in order to preserve 
the fine details. Thin samples (e.g. purified protein complexes, viruses, most 
bacteria or small eukaryotes) can be vitrified via a process called plunge 
freezing (PF). PF can be done either manually or using a dedicated machine 
such as Vitrobot (FEI, Einthoven). The advantage of using Vitrobot is that the 
temperature and humidity of the sample chamber is precisely controlled, 
which is important for achieving reproducible vitrification results. When using 
a Vitrobot, the gas ethane is first liquefied by LN2 to serve as the cryogen. 
Liquid ethane has larger heat capacity before it gasifies compared to LN2 and 
also conducts heat more efficiently. Once liquid ethane is sufficiently cooled 
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down, 3 or 4 µl sample is first mixed with 10-nm gold fiducial beads, then 
applied onto the grid and subsequently blotted either manually or 
automatically such that only a very thin layer of aqueous sample is left on the 
carbon film. Then the tweezers holding the grid is rapidly plunged into the 
liquid ethane and the freezing rate is higher than 10,000 °C/s (Dubochet et al., 
1988). By this way, the sample is preserved in the vitreous state. Once a 
sample is vitrified, it must be stored at below devitrification temperature (i.e. -
135 °C) to avoid crystalline ice formation. As a result, the sample usually is 
stored in LN2 indefinitely until imaging.  
 
Plunge freezing is suitable for sample with a size up to 10 µm. If a sample is 
larger than that (e.g. most eukaryotic cells), the freezing is not fast enough to 
avoid ice crystal formation. To vitrify bigger samples, a technique called high-
pressure freezing (HPF) is utilized. The principle for HPF is to apply high 
pressure to lower the freezing point of water. At 2100 bar, which is the 
working pressure of most HPF machines, the melting point of water goes 
down to 251 K (Moor, 1987). Furthermore, NMR experiments showed that 
water becomes highly viscous at 2k bar, even comparable to glycerol at room 
temperature (Lang and Lüdemann, 1980). And the high viscosity significantly 
reduces the ice nucleation rate of water. Altogether, HPF is able to vitrify a 
sample up to 0.5 mm without external cryoprotectant (Moor et al., 1980). Also 
note that for samples to be cryosectioned (see below), HPF is the method of 




Balzers HPM 010 is one of the first models for HPF apparatus (Moor et al., 
1980). It generates high pressure by compressing nitrogen gas via a hydraulic 
pump. To prevent premature cooling, the temperature should only begin to 
drop until the pressure reaches 2100 bar. This is achieved by injecting warm 
ethanol into the pressure line and specimen chamber preceding the pressurized 
LN2. 2 ml of alcohol delays the cooling by 15 ms (Moor, 1987) and this 
allows time to expose high pressure to the sample before the sample starts to 
freeze. Once the machine is fully cooled down and high pressure is generated, 
the sample mixed with cryoprotectant is first loaded into either a dome-shaped 
planchette carrier or a small copper tube (Ladinsky, 2010). The sample carrier 
is then locked in a specimen holder, which is subsequently inserted into the 
machine sample chamber. The operation is fully automatic. A freezing cycle 
can be completed in 2 or 3 s and afterwards, the sample carrier is transferred 
to LN2 for long-term storage. Whereas plunge-frozen sample can be directly 
loaded into a cryo-TEM for imaging, HPF sample must be cut into 50-100 nm 
sections under cryo temperature by a technique called cryosectioning (see 
below). 
 
1.3.3.3 Data collection for cryo-ET 
The grid with plunge-frozen or cryosectioned sample is loaded into the TEM, 
which operates at LN2 temperature so that throughout the session, the sample 
is always at below devitrification temperature.  
 
Once a target is identified, the grid is first adjusted to eucentric height. This is 
to ensure minimal sample movement during stage rotation as well as to keep 
  
27 
the defocus state constant. A nearby region from the target area is used for 
focusing. Sample tilting is accomplished by rotating the computer-controlled 
specimen stage. During stage rotation, the movement of the target is 
constantly modeled and corrected to keep the target at the center. If necessary, 
a tracking image can be acquired over a nearby region and the drift can be 
calculated and corrected before the next image is acquired.  
 
Tilt series used to be collected manually and it could be a tedious task. 
Automation of tilt series acquisition has been developed extensively over the 
past few years and now there are several available softwares dedicated for this 
task such as Leginon (Suloway et al., 2009), USCF tomo (Zheng et al., 2007), 
SerialEM (Mastronarde, 2005) and FEI TOMO (FEI, Eindhoven). For 
example, in FEI TOMO, location of a target is confirmed by clicking on the 
low magnification search image. Then parameters of the total dose, tilt range 
and interval are inputted and the collection starts automatically. Typically it 
takes 1 to 2 h to collect a tilt series, depending on the number of total images 
and wait time between each image. When operating at batch mode, FEI 
TOMO allows multiple targets to be selected at once and then the tilt series of 
each target is collected one by one without human supervision.  
 
1.3.3.4 Tomographic reconstruction 
In the raw data, images appear mis-aligned to each other due to the instability 
of stage rotation and the first process for reconstruction is to accurately align 
the images. Image alignment is accomplished in two steps. The first step, 
which is known as coarse alignment, is to compute the cross-correlation peaks 
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between two adjacent images and translate the images to minimize the 
difference (Kremer et al., 1996). In the next step, a set of gold fiducial markers 
(~ 10-20) are selected and tracked across all the views. Then the residual 
errors are manually checked and corrected. Using the trajectory of the gold 
markers, translations of the images can be solved with high precision and 
therefore this step is also known as fine alignment. If needed, the CTF of 
individual images can be plotted and the inverted phases at certain frequency 
ranges are flipped to the correct phase. The final reconstruction is typically 
done by weighted back projection algorithm (Radermacher, 1992). Other 
algorithms such as Simultaneous Iterative Reconstruction Technique are also 
available (Gilbert, 1972). The most widely used reconstruction tool is IMOD 
(Kremer et al., 1996; Mastronarde, 1997), which is a collection of softwares 
for cryo-ET. 
 
1.3.3.5 Recent advances in cryo-ET 
The power of cryo-ET has been improved significantly by a few recent 
advances in both software and hardware. One such advancement is sub-
tomogram averaging algorithm (Schur et al., 2013). Typical achievable 
resolution of a tomogram is ~ 5 nm and it is limited by the number of views 
according to the Crowther criterion (Crowther et al., 1970) as well as the total 
dose applied. Inside a tomogram, the same kind of macromolecular complex 
can be aligned and averaged, which equals to adding more views and 
increasing the total dose. As a result, the final average has a much higher 




Hardware improvements generate better images. Among those advancements, 
direct electron detector and phase plate are perhaps with the most interest. 
Compared to a charge-coupled device (CCD) camera, which converts 
electrons to photons via the phosphor scintillator and then couples the photons 
through the fiber optics, a direct detector detects electrons directly through a 
thin semiconductor membrane and reduces the noise significantly in the image 
(Faruqi and McMullan, 2011). Many believed that the invention of direct 
electron detection device revolutionized the field of cryo-EM (Bai et al., 2015). 
Another important invention is phase plate. A phase plate is a thin carbon film 
placed at the back focal plane inside a TEM and it shifts the electron phase by 
π/2. Phase plate image has a cosine-like CTF curve and the contrast at low 
frequency regime is significantly enhanced (Danev and Nagayama, 2001). 
Two types of phase plate, Zernike phase plate (Danev and Nagayama, 2001) 
and Volta phase plate (Danev et al., 2014) are currently available and both 
have been applied to cryo-ET studies (Dai et al., 2013; Mahamid et al., 2016). 
 
New techniques have also been developed to tackle the limitations of cryo-ET. 
One notable limit of cryo-ET application to eukaryotic study is the sample 
thickness. As aforementioned, the thicker the sample is, the worse the 
resolution. A new method has been developed to use focused ion beam (FIB) 
to generate thin samples (Rigort et al., 2012) (See Chapter 3 for details). 
Another novel technique is correlative light and electron microscopy (CLEM 
). Inside a noisy and crowded tomogram, it is often very difficult to identify 
and locate the target of interest. With the development of CLEM technique, 
cells with fluorescence-labeled protein are first plunge frozen and then 
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visualized under a cryo-fluorescence light microscope (cryo-fLM). 
Fluorescence signals are recorded and serve as landmarks to locate the target 
once the sample is transferred into a cryo-EM (Zhang, 2013). 
1.3.4 Introduction to cryosectioning  
Cryosectioning has been the most established method to thin biological 
samples for cryo-ET analysis (Bouchet-Marquis and Hoenger, 2011). Cells are 
first mixed with cryoprotectant (e.g. dextran) and then loaded into sample 
carriers. Subsequently, the sample carrier is high-pressure frozen as 
aforementioned. Cryomicrotomy is performed using a cryomicrotome 
equipped with a cryo-chamber. First LN2 is pumped into the chamber to cool 
down the system to ~ -150 °C. Throughout the sectioning process, the sample 
must be kept below -135 °C to ensure that the ice remains vitreous. First the 
copper tube is trimmed by a trimming knife. Trimming serves two purposes. 
One is to remove non-vitreous ice at the tip of the metal tube. Once vitreous 
ice is reached, metal walls from four sides are trimmed away to expose a 
pyramid-shaped mesa containing the vitreous sample. Once trimming finishes, 
trimming knife is replaced by sectioning knife. Nominal thickness is usually 
set to be 50-150 nm and cutting speed 1 mm/s. The sectioning knife is 
carefully brought to close proximity of the block face and cutting is started. 
After a few nascent sections are generated, a piece of thin fiber (e.g. an 
eyelash or Guinea pig’s hair) glued to the tapered end of a wood stick is 
placed underneath the short ribbon. While the ribbon elongates, the fiber is 
slowly lifted up to get contact with the ribbon, which will wrap around the 
fiber. Once the attachment of the ribbon on the fiber is firm, the wood stick is 
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pulled backwards along with the cutting, which applies gentle force on the 
ribbon to keep it as stable as possible. During sectioning, an ionizer is used to 
produce ionization current to help the ribbon glide over the knife blade 
(Ladinsky, 2010). Cutting can be stopped after the ribbon reaches 2-3 mm in 
length. The ribbon is then transfer onto an EM grid. To ensure firm attachment 
of the ribbon on the underlying carbon film as well as to flatten the ribbon, 
traditionally a pen-like tool is used to physically press the ribbon against the 
grid (Ladinsky, 2010). Once the ribbon is well attached to the grid, it can be 
stored in LN2 until imaging. Tomography of vitreous section (TOVIS) 
technique has been to study chromatin organization in chicken erythrocyte 
nuclei (Scheffer et al., 2011) and in a small picoplankton (Gan et al., 2013). 
The workflow of TOVIS is summarized in Fig. 1-2. 
 
Figure 1-4 Illustration of TOVIS workflow 
Cells (in this case S. cerevisiae) are high-pressure frozen and cut into thin 
sections via cryosectioning. Cryosection is imaged in cryo-EM. Images at 
various tilting angles are collected as a tilt series. The tilt series is 




Compared to room temperature sectioning, cryosectioning does not require 
fixation, plastic embedding or heavy metal staining. Therefore, molecular 
details of the sample are preserved in a near-native state. However, 
cryosectioning could cause a series of physical changes on the sample and 
these artifacts might compromise the interpretation of the sample’s authentic 
structure. One of the most significant artifacts is compression. During 
sectioning, the cutting knife applies a significant amount of pressure on the 
block face and the resultant section is compressed by ~ 30% (Al-Amoudi et al., 
2005) along the cutting direction. Compression is obvious for the 
ultrastructure. A circular object would appear to be oval inside a cryosection. 
However, macromolecular complexes, such as ribosomes and chromatin fibers, 
appear to be free from compression distortion (Pierson et al., 2010; Scheffer et 
al., 2011). In addition, the surface of the sections has banana-shaped fractures 
named crevasses (Han et al., 2008). Another prominent artifact is chatter, 
which appears as periodic variation in thickness (Dubochet et al., 2007). This 
artifact is speculated to be caused by the change of friction between the knife 
blade and block face (Al-Amoudi et al., 2005). Given these artifacts generated 
during sectioning, careful controls must be done in order to avoid 
misinterpretation from TOVIS images (Dubochet et al., 2007). Further 
discussions of challenges in cryosectioning as well as possible alternative 





1.4 Research aims  
In our first project, we aim to study whether chromatin packs into regular 
fibers in S. cerevisiae. Our specific aims are: 
• To test whether the artificial chromatin fibers could be preserved and 
visualized by tomography of vitreous sections as a positive control; 
• To visualize nucleosome densities inside S. cerevisiae nucleus and to 
detect whether 30-nm chromatin fibers exist or not; 
• To study the low-order regulation of local oligonucleosome. 
 
In our second project, we aim to search for the Dam1 complex ring in yeast 
nucleus. More specifically, our aims are: 
• To locate the plus end of k-MTs; 












1.5 Organization of this thesis 
This dissertation presents the structural study of chromatin organization in S. 
cerevisiae. It also includes preliminary results on structural study of 
kinetochore-microtubule attachment in S. cerevisiae. The organization of this 
thesis is as follows: 
 
1) Chapter 1 serves as a general introduction.  
2) In chapter 2, we summarize all the materials and methods used to 
conduct this research.  
3) Chapter 3 reports the tools that we designed to facilitate cryosectioning.  
4) Chapter 4 presents our results on how chromatin is organized in S. 
cerevisiae. The work in this chapter has been published in Molecular 
Biology of the Cell (Chen et al., 2016).  
5) Chapter 5 shows our preliminary results on finding the Dam1 complex 
ring structure in S. cerevisiae.  
6) Chapter 6 provides the conclusion of this thesis and discusses 










Chapter 2 : Materials and Methods 
2.1 Materials 
Yeast strains used in this study: 
Strain Genotype Source 
US1363 MATa bar1(unmarked) his3 leu2 trp1 ura3 Surana lab 
US1375 MATa ura3 his3 cdc20D: LEU2 GAL-CDC20::TRP1 Surana lab 
 
2.2 Methods 
2.2.1 Chicken erythrocyte chromatin sample preparation 
2.2.1.1 Chicken erythrocyte nuclei (CEN) and chromatin preparation 
The purified chicken erythrocyte nuclei and chromatin samples were provided 
by our collaborator Prof. Kazuhiro Maeshima’s group at NIG, Japan. Fresh 
chicken blood was purchased from Nippon Bio-Test Laboratories Inc. (Japan). 
Erythrocyte nuclei were prepared as described by Maeshima et al. (Maeshima 
et al., 2014a). Chromatin isolation was carried out as described by Ura and 
Kaneda with some modifications (Ura and Kaneda, 2001). The nuclei 
(equivalent to ~2 mg of DNA) in Nuclei isolation buffer (10 mM Tris-HCl pH 
7.5, 1.5 mM MgCl2, 1.0 mM CaCl2, 0.25 M sucrose, 0.1 mM PMSF) were 
digested with 50 units of micrococcal nuclease (Worthington) at 35 °C for 2 
min. The reaction was stopped by adding EGTA to final concentration of 2 
mM. After washing with the Nuclei isolation buffer, the nuclei were lysed 
with Lysis buffer (10 mM Tris-HCl pH 7.5, 5 mM EDTA, 0.1 mM PMSF). 
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The lysate was dialyzed against Dialysis buffer (10 mM Tris-HCl pH 7.5, 0.1 
mM EDTA, 0.1 mM PMSF) at 4 °C overnight. The dialyzed lysate was 
centrifuged at 1000xG at 4 °C for 5 minutes. The supernatant was recovered 
and used as a purified chromatin fraction. The purity and integrity of the 
chromatin protein components were verified by SDS-PAGE. To examine 
average DNA length of the purified chromatin, DNA was isolated from the 
chromatin fraction and electrophoresed in a 0.7% agarose gel. 
 
2.2.1.2 CEN lysis 
Isolated CEN was lysed in lysis buffer (15mM Hepes-KOH ph 7.4; 15mM 
NaCl) with or without 2 mM MgCl2. 20 µl CEN sample was added into 200 µl 
lysis buffer and mixed by pipetting. 20 µl of lysate was taken at different time 
points and plunge-frozen.  
2.2.2 S. cerevisiae cell culture preparation 
2.2.2.1 Commercial baker’s yeast preparation 
Baker’s yeast (S. cerevisiae) was purchased from Gim Hin Lee Pte Ltd (batch 
no. L042347). 100 mg dry yeast pellet was dissolved in 1 mL tap water and 
incubated at 24 °C for 10 min.  
 
2.2.2.2 Wild type G1 phase synchronization 
Cell cultures were prepared according to Lim et al (Lim et al., 1996). Wild-
type strain US1363 (haploid) was grown in yeast-extract peptone medium 
(YEP, 1.1 % yeast extract, 2.2 % peptone, and 50 mg/L adenine) with 2 % 
glucose as carbon source in a 25 °C water bath overnight. When the optical 
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density at 600 nm reached ~0.5, α-factor was added to the medium to a final 
concentration of 0.8 µg/ml. After 3 h, the majority of cells were synchronized 
at G1 phase. The synchronization rate was checked by immunofluorescence 
microscopy and flow cytometry.  
 
2.2.2.3 Wild type cell cycle timing 
Wild-type strain US1363 (haploid) was synchronized at G1 phase as above. 
Cell morphology was verified under a light microscope. The cell culture was 
then filtered and washed extensively with YEP medium and then resuspended 
in YEP medium with 2% glucose. The cell culture was then incubated in a 
shaker at 200 RPM at 25 °C. 1 mL cell culture was collected at various time 
points with 10 min interval. All the samples were subjected to 
immunofluorescence microscopy and flow cytometry analysis to determine 
the cell cycle timing. 
 
2.2.2.4 CDC20 mutant metaphase synchronization 
cdc20Δ GAL-CDC20 strain US1375 (haploid) was incubated in YEP 
supplemented with 2 % raffinose and 2 % galactose in a 25 °C water bath 
overnight and synchronized at G1 phase by α-factor as above. Then the culture 
was filtered and washed extensively to remove α-factor and was incubated in 
fresh YEP-glucose medium to inhibit CDC20 transcription. After 3.5 h, the 
majority of cells were arrested with long spindles, confirming that the CDC20 
molecules were indeed depleted and cells were arrested at metaphase. The 
arrest was verified by immunofluorescence microscopy.   
2.2.3 Immunofluorescence staining and microscopy 
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Cell cultures were centrifuged at 13000 RPM for 1 min and resuspended in 1 
ml KPF buffer (0.1M K2HPO4 pH 6.4, 3.7% formaldehyde). After fixation at 
4 °C for overnight, fixed cells were washed 3 times in 0.1 M K2HPO4 pH 6.4, 
once in 1.2 M sorb/phos/cit (1.2 M sorbitol, 0.1 M phosphate-citrate, pH 5.9) 
and resuspended in 0.2 ml 1.2 M sorb/phos/cit and 20µl of glusulase 
(glucuronidase > 90,000 Units/mL and sulfatase > 10,000 Units/mL) and 2µl 
10 mg/ml lyticase were added to digest cell wall for spheroplast generation at 
30 ºC for 75 min. Cells were checked under light microscope to make sure that 
cell wall were digested. Then cells were washed once in 1.2 M sorb/phos/cit 
and resuspended in 10-100 µl 1.2 M sorb/phos/cit depending on amount of 
cells left. 4 µl of cells was added to a 30-well slide pre-coated with 0.1% poly-
L-lysine (Sigma). After excess of cells were removed, the slide was plunged 
into MeOH at -20 ºC for 6 min and then into acetone at -20 ºC for 30 sec. 
Then the slide was taken out from acetone, air-dried and warmed to 24 ºC. A 
rat monoclonal anti-tubulin YOL1/34 primary antibody (AbD Serotec 
MCA78G) diluted in BSA-PBS buffer (1 % crude BSA, 0.04 M K2HPO4, 
0.01M KH2PO4, 0.15 M NaCl, 0.1% NaN3) was added. The slide was placed 
onto a piece of wet tissue (Kleenex) and kept in a petri dish covered with 
aluminum foil for 1-2 h at 30 ºC before being washed three times in BSA-PBS 
buffer. An Alexa Fluor 594 conjugated goat anti-rat IgG secondary antibody 
(Invitrogen Molecular Probes A11007) diluted in BSA-PBS buffer was then 
added and the slide was kept in dark and moist at 4ºC overnight. Then the cells 
were washed four times in BSA-PBS buffer and stained against Vectorshield-
DAPI (Molecular Probes). A coverslip was placed and sealed by nail polish. 
The sample was imaged using a Zeiss AxioImager upright motorized 
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microscope with a Plan Apochromat 100X objective equipped with EXFO 
120W metal halide illuminator and attached to a Photometrics CoolSNAP 
HQ2 CCD camera driven by the Metamorph v7.7.10.0 software (Universal 
Imaging Corporation). 
2.2.4 Flow cytometry 
Flow cytometry experiment was performed according to Lim et al. (Lim et al., 
1996). A total of 1 mL cell culture was collected and centrifuged at 13,300 
RPM for 1 min and then supernatant was removed. 1 mL 70% ethanol was 
added to the pellet. The cell suspension was vortexed and stored at 4°C 
overnight. Then the cells were centrifuged at 13,300 RPM for 2 min. The cell 
pellet was washed once in 0.2 M Tris-HCl pH 7.5 containing 20 mM EDTA. 
Cells was centrifuged to remove the supernatant and subsequently 
resuspended in 100 µl 0.2 M Tris-HCl pH 7.5, 20 mM EDTA, 0.1% RNase (1 
mg/mL), 0.1 µl PI. The cells was covered with aluminum foil and kept at 
37 °C for 4 h. Cell pellet was collected by centrifuge and then was washed 
once in PBS. Then cells were centrifuged to remove the supernatant. Cells 
were resuspended in 1 mL PBS with PI and kept in dark for 3 min. The 
suspension was sonicated for 5 s to break up cell clumps. The sample was 
diluted in 50 µl PBS with PI and subjected to a FACScan flow cytometric 
analysis (Becton Dickinson, USA). The DNA content was analyzed with Cell 
Quest software (Version 3.3).  
2.2.5 Preparation of fixed yeast for cryosectioning 
To investigate whether chemical fixation would induce chromatin 
organization change in yeast, fixation was done according to Hsieh et al 
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(Hsieh et al., 2015). Wild-type yeast (US1363, 50 ml) were grown to 
OD=0.36 in a shaker at 200 RPM at 25 °C. The cells were then fixed by 
addition of 4.41 ml 37% formaldehyde (final concentration 3%) and incubated 
with shaking at 200 RPM for 15min at 30°C. Cells were pelleted by 
centrifugation at 4600 RPM for 2 min at 4°C. The supernatant was removed 
and the cells were resuspended in 1 ml of YEPD.  
2.2.6 Plunge freezing 
Gold fiducial was prepared one day before the freezing experiment. 800 µl of 
10 nm gold fiducial (BBI Cat# EM.GC10) was mixed with equal volume of 10 
mg/mL BSA and then aliquoted into 8 microcentrifuge tubes (Eppendorf). The 
aliquots were centrifuged at 18,000XG for 20 min. The gold pellet was dark 
maroon. Supernatant was discarded and the pellet was centrifuged again at 
18,000XG for 20 min. Residue supernatant was carefully discarded. The gold 
pellet was then stored at 4°C. EM grids were plasma cleaned at 15 mA for 45 
s immediately before the freezing experiment using an Emitech K100X glow 
discharger. To prepare the cryogen, the Styrofoam cup was first cooled down 
by LN2 with the heat-conducing spindle mounted on the brass cylinder. After 
the temperature stabilized, 63% propane/37% ethane mixture gas (Singapore 
Oxygen Air Liquide Pte. Ltd.) was slowly condensed into the brass cylinder 
and liquefied as the cryogen. Once the level of liquid cryogen was 0.5 cm 
underneath the spindle, gas induction was stopped. The spindle was kept in 
position for another 5-10 min to allow the cryogen to further cool down to 
near LN2 temperature. Plunge freezing was done using Vitrobot MARK IV 
(FEI, Eindhoven). The temperature of the sample chamber was set to 20 ºC 
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and humidity was set to 100%. The freshly glow discharged grid was mounted 
onto the Vitrobot tweezers and the tweezers were mounted onto the Vitrobot. 
10 µl of specimen was first mixed with gold pellet and then 4 µl mixture was 
added onto the carbon side of the grid. The grid was then blotted automatically 
from both sides by filter paper (Ted Pella 47000-100) for 2 s before being 
plunged into the cryogen. After freezing, the grid was transferred into a grid 
box submerged in LN2 for storage.  
2.2.7 High-pressure freezing (HPF) 
Dextran (40 kDa, Sigma-Aldrich D1662-10G) was dissolved in YEPD 
medium. S. cerevisiae cells were collected by centrifuge at 4600 RPM for 2 
minutes. Then the cell pellet was mixed with dextran as a cryoprotectant to 
final concentration of 20 %. The cell/dextran mixture was loaded into a copper 
tube (outer diameter 0.45 mm, inner diameter 0.3 mm; Engineering Office M. 
Wohlwend GmbH no. 730-3) using a syringe-type filler device (Engineering 
Office M. Wohlwend GmbH no. 733-1). The tube was sealed from one end by 
a clamp device (Engineering Office M. Wohlwend GmbH no. 733-2) and then 
mounted into a tube holder (Engineering Office M. Wohlwend GmbH no. 
762). High-pressure freezing was carried out using HPF Compact 01 machine 
(Engineering Office M. Wohlwend GmbH). High pressure (> 2000 bar) was 
applied to the sample and LN2 was injected into the sample chamber for 
freezing. Once frozen, the tube was immediately transferred to LN2. Two ends 
of the tube were removed using a cut device (Engineering Office M. 
Wohlwend GmbH no. 732) so that only the well-frozen middle portion of the 
tube was retained. After that, the tube was stored in LN2 until cryosectioning. 
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2.2.8 Cryosectioning  
2.2.8.1 Trimming 
Vitreous sample was cut using a Leica UC7/FC7 cryo-ultramicrotome (Leica 
Microsystems, Vienna, Austria). A rotating knife holder with one trimming 
knife (20°, Diatome) and one cutting knife (cryo 25°, Diatome) was placed 
onto the knife stage inside the FC7 cryo-chamber. The detachable cryo-
platform base was mounted onto the cutting knife. The chamber was then 
cooled to -150°C. Then the copper tube (containing the vitrified sample) was 
inserted into the chuck tube sample holder. An electrostatic charging apparatus 
(Crion, Leica) was set to “discharge” mode, which shoot a high voltage 
negative direct current (Pierson et al., 2010) to help the sample glide as well as 
to remove the shavings from the knife blade. First several hundred µm of the 
tube was cut away using 50 mm/s cutting speed and 500 nm cut feed. Once the 
block face was dark, featureless and there was no air bubbles under visual 
inspection, cutting speeded was reduced to 20 mm/s and feed to 200 nm to 
minimize mechanical impact of the knife on the block face. 50-100 µm was 
further cut away using the above speed and feed until the block face was clear 
and spotless. Then trimming knife was moved horizontally to align its left 
corner to ~ 100 µm from the copper tube’s right edge. Trimming was started 
to cut away 30 µm. Then the trimming knife was moved backwards and then 
horizontally to align its right corner to the cut edge. The knife was then moved 
horizontally 100 µm to the left and trimming was started to cut away 30 µm. 
At this point, the protruded block is a rectangle with a width of 100 µm. Then 
tube was rotated by 90° and trimming was repeated for both sides. The final 




2.2.8.2 Cutting sections 
A fiber tool fastened on the custom micromanipulator was placed into rear end 
of the cryo-chamber to allow time for it to be the sufficiently cooled down. A 
pre-cooled piece of flat metal platform cover was then mounted on top of the 
triangular base. The cooled fiber tool was positioned just under the knife blade 
and the Crion was set to discharge mode. The block was cut using the cutting 
knife. Cutting feed was set to be 50 or 100 nm and cutting speed 1 mm/s. 
After the first few sections were cut and started to curve downwards, the fiber 
was lifted up slowly to get contact with the sections. Sections started to 
spontaneously wrap around the fiber. Once the sections were firmly attached 
to the fiber, the fiber was moved towards the microtomist along with the 
advancement of the cryo-ribbon to guide the elongation as well as to apply 
gentle tension on the ribbon. Cutting was stopped when the ribbon elongated 
to 2-3 mm.  
 
2.2.8.3 Attaching ribbon to an EM grid 
Gold fiducial was added to the grids one day before the sectioning experiment. 
10 µl 1 mg/mL BSA and 5 µl of 10-nm gold (as above) were added into 135 µl 
Milli-Q water and mixed extensively. 4 µl of above mixture was added onto 
the carbon side of the grid, which was then stored in a dry box to allow it to 
air-dry. The concentration and distribution of gold beads on the carbon was 
checked using a Tecnai 12 TEM (FEI, Eindhoven). The grid with gold was 
glow-discharged immediately before cutting. A pair of tweezers holding the 
grid was mounted on the FC7’s built-in micromanipulator. After the grid was 
  
44 
fully cooled down, it was moved underneath the vitreous ribbon. Then the grid 
was slowly lifted up. When the grid was in contact with the ribbon, the Crion 
was switched to charge mode to electrostatically attach the ribbon onto the 
grid (Pierson et al., 2010). The grid was lifted 1-2 millimeters further up 
before Crion was stopped. The fiber was moved towards the microtomist 1-2 
millimeters to detach the sections from the fiber. The fiber tool was then taken 
out the chamber. The tweezers holding the grid was moved above the cryo-
platform. The grid with the cryoribbon was released from tweezers onto the 
platform. A 10 mm laser window (Edmund Optics stock # 65-855) was cooled 
down in LN2 and transferred into the chamber. The window was first rested 
on the knife holder for 2 min to remove static charges, if any, and then placed 
on top of the grid. A pair of forceps (Dumont #5) was cooled down and 
pressed gently against the glass chip along the length of the cryo-ribbon using 
the sharp tips. Then the window was removed. The grid was picked up and put 
into the grid box, which was subsequently stored in LN2 until imaging. 
2.2.9 Cryo-FIB milling 
The cryo-FIB milling experiment was performed by Dr. Shi Jian. The milling 
protocol was based on (Rigort et al., 2012) with modifications. Before the 
experiment, holey carbon grid (Quantifoil R3.5/1) was assembled into the 
autogrid (AutoGrid™ sample holder, FEI) supporting frame structure with a 
customized cutoff on the bottom side to avoid blockage of ion beam at 
glancing angle (Rigort et al., 2012). Commercial baker’s yeast (S. cerevisiae) 
was applied onto the fully assembled autogrid and then plunge-frozen as 
described above. Cryo-FIB milling was done using a FEI Helios 600 Nanolab 
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dual-beam (FIB/SEM) instrument (FEI, Einthoven). Location of cells was 
visualized in SEM mode at 5 KeV by imaging secondary electrons generated 
from the electron beam. Typically, only cells at the center of a square mesh 
were selected. Once a target cell was identified, it was first oriented by tilting 
and rotating the cryo-stage so that Gallium ion (Ga+) could pass through the 
sample without being obstructed by either the grid bar or the autogrid frame. 
Then an overview of the cell was acquired by imaging secondary electrons 
generated from the ion beam. For coarse milling, two rectangular milling 
patterns were drawn on the upper and lower side of the target of interest, 
respectively. Typically, the distance between these two patterns were set to be 
~1 µm, which was the thickness of the initial lamella. Subsequently, 30 keV 
Ga+ beam scanned the selected patterns at 300 pA to remove the vitreous 
material inside the milling patterns. For fine milling, another two rectangular 
milling patterns were drawn on top of and below the thick lamella, 
respectively and the distance in between was set to ~200 nm, which was the 
final thickness of the lamella that was intended. The ion beam current was 
reduced to 30 pA to minimize the deposition of ions on the surface of the 
sample. Vitreous material inside the milling patterns was removed by rastering 
the Ga+ in a parallel fashion at glancing angle. Typically, ~10 positions were 
milled on one grid. The grid was subsequently transformed into the cryo-TEM 
for data collection. 
 
Specific grid types used, treatments and thinning methods of all sample types 




Table 2-1 Sample preparation methods for various samples 
Sample CEN or 
Purified chromatin 
Commercial baker’s yeast S. cerevisiae 
    
Chemical 
Fixation 




PF HPF PF HPF HPF 
Thinning 
method 
N.A. VS cryo-FIB VS VS 








2.2.10 Electron tomography 
Electron cryo-tomography data was collected on a Titan Krios (FEI, 
Einthoven) 300 keV TEM operating at liquid nitrogen temperature. It was 
equipped with a Falcon I direct electron detector, which was then replaced by 
a Falcon II detector. Tilt series images were collected by either Legion 
(Suloway et al., 2009) or FEI TOMO software. The sample was first brought 
to eucentric height and the EM was aligned using the Direct Alignment 
function in Titan User Interface. Then a low magnification image was 
acquired to search for targets. Once a target was identified, the local eucentric 
height was adjusted and recorded. All the targets were collected either 
individually or in a batch mode. The imaging parameters for each sample type 





Table 2-2 Cryo-ET imaging parameters 
Sample  CEN or  
Purified chromatin 
 S. cerevisiae cells 
Microscope Titan Krios 
Voltage 300 keV 
Gun type FEG 
Camera Falcon II Direct Detector Falcon I or II Direct Detector 
Tomography software FEI TOMO3&4 Leginon 
Calibrated magnification 23986 15678 / 19167 
Calibrated pixel size 5.84 Å 8.93 / 7.47 Å 
Defocus -6 to -8 µm -3 to -15 µm 
Cumulative dose 80 - 100 e/Å2  
Dose fractionation 1/cos 
Tilt range ±60° 
Tilt increment 2° 
 
Tomograms were reconstructed using IMOD software package (Kremer et al., 
1996; Mastronarde, 1997; Xiong et al., 2009). Raw tilt series was first 
coarsely aligned using cross-correlation based method. All the parameters 
were kept at their default values. On the pre-aligned tilt series, 20-30 gold 
fiducial markers were manually selected around the target of interest. Then the 
same set of markers was automatically tracked across all views. Occasional 
gaps were manually examined and fixed. Next, the global alignment errors 
were calculated and based on the statistical analysis, gold markers with large 
residual were manually checked and corrected. In case of gold marker with 
large residual in multiple views, it was likely that this marker moved relatively 
  
48 
to others and therefore it was removed from the fiducial model to minimize 
the global alignment error. This so called fine alignment process was 
iteratively performed several times until residual error could no longer be 
reduced. After fine alignment, boundary models were drawn along a heavily 
binned (usually by 3 times) sample tomogram to specify the position of the 
tomogram. The purpose of tomogram positioning was to flatten the tomogram 
such that the final reconstruction would be fitted into the smallest volume 
possible to minimize the storage size of the final data. Then the final unbinned 
fully aligned stack was generated. The next step was to correct the CTF 
artifact. CTF plot was first generated for each view by activating “Fit each 
view separately” option. Only central tiles was include for defocus estimate. A 
file containing estimated defocus values for each view was created and saved. 
CTF was corrected using the “ctfphaseflip” command. A low-pass filter was 
also applied to the aligned stack to reduce noise. Finally, the 2-D stack was 
reconstructed into the 3-D tomogram by weighted back projection algorithm. 
Tomogram visualization was done by 3dmod.  
2.2.11 Rotationally averaged power spectrum calculation 
From a 30-nm thick tomographic slice, a 300X300 pixels region inside the 
nucleus containing nucleosome densities or a region in the cytoplasm 
containing ribosome densities was boxed out and saved in Photoshop (Adobe, 
Version 12.1 X64). The Fourier transform was calculated using the FFT 
function in ImageJ (1.49v). The radial plot of the FT was generated using 
Radial Profile Angle plugin (http://rsbweb.nih.gov/ij/plugins/radial-profile-
ext.html). The plot values (radius and normalized intensities) were saved. 
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Radius values in pixels were converted to values in real space based on the 
pixel size at the specimen level. The plot was generated using Excel 
(Microsoft Office, version 14.1.0) and saved as an image. 
2.2.12 3-D rendering 
Isosurface rendering was done with the UCSF Chimera package (Pettersen et 
al., 2004). Subtomograms were extracted and first normalized to a mean of 0 
and standard deviation of 1 using “e2proc3d input.mrc output.mrc --
process=normalize” command in EMAN2 (Tang et al., 2007). In chimera, for 
volume display, the cutoff value was set to 1.5σ. Isosurface densities smaller 
than 6 nm were removed using the “hide dust” function. 
2.2.13 Tetranucleosome template matching  
All template-matching experiments were done using PEET software 
(Heumann, 2016; Nicastro et al., 2006). An initial grid list was generated 
manually based on the particle size as well as x, y, z dimensions of the 
tomogram. Artificial tetranucleosome references with different conformations 
were generated using Bsoft (Heymann and Belnap, 2007). A cylindrical or 
squat mask was applied around the template to minimize the effects of the 
adjacent densities inside the highly crowded intracellular environment. 
Missing wedge compensation function was enabled and tilt range of each 
tomogram was specified so that correlation coefficients were normalized by 
fractional overlap between the reference and the particle’s informative 
components. Full sphere was sampled during the first iteration. Overlapping 
hits were automatically subjected to duplicate removal at the end of template 
matching based on the distance between two distinct hits. The top 10% of hits 
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were visually inspected. Number of hits per cell was estimated based on the 
subtomogram volume and the total nucleus volume of S. cerevisiae. The 
process of template matching is summarized in Figure 2-1. 
 
Figure 2-1 Semi-automated analysis of nuclear densities 
 
The external reference is a cluster of spheres approximating the diameters (~ 7 
nm) of the most abundant nuclear densities. This reference was used to 
template match against a nuclear volume, of which the majority of hits were 
clearly false positives. Hits with top 10% in cross correlation score were then 







Chapter 3 : Design of new tools to facilitate cryosectioning 
3.1 Abstract 
Cryosectioning has been the method of choice to generate thin biological 
samples for high-resolution cryo-ET analysis. However, technical challenges 
keep cryosectioning from being performed routinely. During cryosectioning, 
pulling a ribbon to a sufficient length and attaching the ribbon onto a grid are 
two major difficulties, which are crucial to achieving high quality sections. In 
this chapter, we report a set of tools to address these challenges. A fiber tool 
was devised to facilitate cryosection capture and to guide ribbon elongation. A 
triangular metal cryo-platform was designed that could be mounted onto the 
cutting knife. This cryo-platform serves as a base to physically press the 
ribbon against the underlying carbon film to ensure firm attachment. We have 
shown that these tools make cryosectioning easier to perform and generate 
more reproducible results. The quality of cryosections is sufficient for study of 
key cellular structures.    
3.2 Introduction 
Electron cryotomography (cryo-ET) has been used to study biological samples 
with molecular resolution in 3-D (Gan and Jensen, 2012). The specimen is 
first frozen in vitreous ice and then imaged using a transmission electron 
microscope (TEM) at cryogenic temperature (usually at liquid nitrogen 
temperature). To obtain 3-D information, the sample is incrementally tilted 
and at each tilting angle, a projection image is acquired. This tilt series of 
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images can be computationally reconstructed into a tomogram, which 
represents the 3-D structure of the specimen.  
 
To achieve a cryotomogram that has molecular resolution (~ 4-8 nm), the 
sample must be very thin (e.g. thinner than 400 nm to achieve 4 nm resolution 
for a 300 keV TEM) (Koster et al., 1997). This is the main reason why most 
organisms studied by cryo-ET so far are mostly bacteria and tiny eukaryotes 
(Fu et al., 2014). Since most eukaryotic cells are usually much thicker, those 
samples must be thinned before imaging using two available approaches. One 
is to mill away all the material above and below a certain area of interest by 
focused ion beam (FIB) so that the targeted area is in the form of a plank-like 
structure (called a lamella) suspended between two thicker unmilled positions 
(Rigort et al., 2012). The resultant lamellar can then be imaged under a cryo-
TEM. Since cryo-FIB milling does not require physically sectioning of the cell, 
the sample is free of sectioning artifacts that are typically associated with 
samples prepared by cryosectioning. However, it is time-consuming to locate 
and mill away the extra material for every single target (Strunk et al., 2012) 
one at a time. 
 
The more established way to thin samples is cryomicrotomy. Large cells are 
high-pressure frozen inside a narrow copper tube or a dome-shaped holder, 
and then are cut into 50-200 nm vitreous sections (cryosections) (Ladinsky et 
al., 2006). The goal of cryomicrotomy is to produce a series of cryosections 
that naturally attach to each other to form a cryoribbon. The 1-3 mm long 
cryoribbon can be attached onto an EM grid and then imaged. While cutting, 
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the microtomist traditionally holds a wood stick with a thin fiber (an eyelash 
or Guinea pig’s hair) glued on the tip. This fiber tool is used to capture the 
nascent cryoribbon. When the sections were firmly attached to the fiber, the 
fiber was moved towards the microtomist along with the advancement of the 
cryo-ribbon to apply gentle tension on the ribbon. This step requires the 
microtomist to hold the fiber tool very steadily and to move the tool with high 
precision because the ribbon is very fragile and can be disrupted by only a 
slight shake (Ladinsky, 2010). Another challenge comes from attaching a fully 
produced cryoribbon onto an EM grid. Previously a pen tool was used to 
physically press the ribbon against a grid (Ladinsky, 2010). Often times the 
ribbon is ruptured from the large force as well as lateral movement of the 
pressing tool relative to the ribbon. Also the platform for pressing can get 
coated with a layer of ice crystals during the cutting process. It is possible to 
reduce ice contamination by installing advanced dehumidifying system but ice 
condensation is inevitable. By the time a ribbon is transferred onto a grid (> 
2h after start), ice crystals are all over the platform, leaving no room to place 
the grid. Recently Leica developed an electrostatic charging device (Crion) to 
facilitate the attachment by generating a negative electrical field between the 
ribbon and the grid (Pierson et al., 2010). However, in our hands, this method 
did not work reproducibly. There were always parts on the ribbon that did not 
attach to the carbon film and these detached areas move randomly during 
tomographic imaging. The resultant tilt series was very difficult, if not 




We have designed several small tools to overcome these difficulties. The tools 
can be readily manufactured by a local workshop or are commercially 
available. They make cryosectioning much easier and help to increase the 
reproducible production of high quality cryosections. 
3.3 Results 
3.3.1 Tool design 
3.3.1.1 Fiber tool with customized micromanipulator 
The currently available fiber tool is a straight wood stick with a fiber glued 
onto one tip (Ladinsky, 2010). Since the sample is ~4 cm deep inside the cryo-
chamber, the stick must be slanted. As a result, the ribbon is in parallel with 
the blade while the fiber is at a ~ 45°angle. When positioned, the fiber 
frequently touches the sections prematurely and sometimes twists the sections 
around the axis parallel to elongation direction. This twisting often weakens 
the fragile ribbon and makes the capture extremely difficult.  
 
To overcome these difficulties, we designed a simple L-shaped tool, which we 
call the fiber tool (Fig. 3-1A). It was manufactured by a local workshop (JEG 
ENGINEERING SUPPLIES) using engineering plastic. The sharp point of a 
wooden skewer was taped onto this tool. A fiber, which was Guinea pig’s hair 
in this case, was glued onto the skewer point using nail polish (Fig. 3-1B 
inserted).  
 
The fiber tool must be held steadily and be moved with high precision in three 
dimensions. It was previously shown that a Leica joystick-operated 
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micromanipulator could facilitate this difficulty task (Ladinsky et al., 2006). 
Since this micromanipulator is not available at a reasonable cost, we asked 
Narishige to modify the joystick-operated micromanipulator, MN-151, to 
increase the X-Y travel from 2.5mm to 6mm to make it suitable to control 
cryosections. This modified micromanipulator, MN-151S Model EDMS12-
260, is low-cost and can be made on request. Other brands of 
micromanipulators could potentially be modified in the same way. The fiber 
tool was fastened onto the fixing clamp of the micromanipulator (Fig. 3-1B). 
Three knobs were used to position the fiber and fine control was done with the 
joystick. With this tool, it was possible to position the fiber close and parallel 
to the knife blade (Fig. 3-1C) so that the sections could pass over the fiber 




Figure 3-1 Fiber tool controlled by micromanipulator 
(A) The design of the fiber tool. Diameter: 8 mm; whole length: 257 mm; 
height: 60 mm.  
(B) The fiber tool is controlled by a customized micromanipulator. X-Y-Z 
movements are controlled by three nobs. X-Y fine adjustments are 
controlled by a joystick. 
(C) The fiber is positioned nearly parallel with the knife blade to facilitate 




3.3.1.2 Cryo-platform design 
The final step of cryosectioning is to transfer the ribbon to a grid and then 
press the ribbon against the underlying carbon film physically. Diatome once 
offered special diamond cutting knives (called Cryo-Platform knives) with a 
ceramic platform behind the blade (Ladinsky, 2010). With this kind of knife, a 
grid can be placed on the platform and then pressed by either a pen tool or a 
small glass chip (Ladinsky, 2010). Unfortunately the manufacture of this knife 
was discontinued; so if a microtomist wants to press the cryosections, she 
must move the grid all the way to the built-in preparation plate located at the 
rear end of the cryomicrotome chamber. This is a considerably long transfer, 
during which the sections can be contaminated, damaged or, lost. Furthermore, 
the plate will be coated with ice crystals by the time the ribbon is ready for 
pressing. 
 
We designed a detachable cryo-platform made from aluminum. The base is a 
triangle with a pin protrusion that fits nicely into the slot on the cryo diamond 
knife (Fig. 3-2A, 3-2B and 3-2C). It had two overhanging handles to prevent 
the platform from rotating once it was mounted to the cutting knife (Fig. 3-2B). 
Another metal cover plate can be mounted onto the base and the cutout on the 
base prevents lateral motion (Fig. 3-2D). The cryo-platform was designed to 
withstand force exerted by the pressing. The grid can be placed on this 
detachable platform with minimum effort. Since the plate or the entire 
platform can be mounted right before the microtomy experiment (Fig. 3-2D), 
ice contamination is avoided to the greatest extend. The cryo-platform was 




Figure 3-2 Design of cryo-platform 
(A) - (C) Side, top and front views of the cryo-platform base, respectively. 
      (D) Assembly of the platform on a cutting knife.  
 
3.3.1.3 Design of an anti-contamination cover 
A cover for the cryochamber was designed to protect the sample as well as to 
reduce ice contamination during cutting. We modified the design from another 
study (Studer et al., 2014) to fit our tools. Briefly, three sides of a rectangular 
poly(methyl methacrylate) (also known as acrylic) plastic were cut to allow 
placement of Crion, the fiber tool and forceps for FC7’s built-in 
micromanipulator (used to hold the EM grid), respectively (Fig. 3-3). A small 
cutout at the center allowed the microtomist to monitor the specimen through 
the binoculars (Fig. 3-3). This anti-contamination cover has proven to 
effectively reduce the ice condensation inside the cryo-chamber in a humid 
environment, such as Singapore, where climate control can only reduce the 
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relative humidity to 35-40 % at best. The cover was manufactured by a local 
workshop (JEG ENGINEERING SUPPLIES). 
 
 
Figure 3-3 Anti-contamination cover 
Cutouts on the sides were designed to allow placement of experimental tools 
as labeled. The cutout in the center was designed to allow passage of light 
beam from FC7 to binoculars for clear observation. 
 
3.3.2 Cryosectioning routine 
With the above tools, we are able to perform cryosectioning routinely to 
generate cryosections with high quality and high reproducibility. Our protocol 
was based on cryomicrotomy training from Dr. Benoit Zuber and colleagues 
as well as on advice from Mark Ladinsky. Small modifications were made to 
increase the success rate.  
 
The vitreous sample was cut using a Leica UC7/FC7 cryo-ultramicrotome 
(Leica Microsystems, Vienna, Austria) at -150 °C. First, the sample was 
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trimmed into a 100X100X30 µm block using a 20° trimming knife (Diatome) 
(Bouchet-Marquis and Hoenger, 2011). An electrostatic charging apparatus 
(Crion, Leica) was set to “discharge” mode to help the sample glide as well as 
to remove the shavings from the knife blade (Pierson et al., 2010). Next, the 
fiber tool fastened on the custom micromanipulator was placed into the cryo-
chamber to be positioned in close proximity of the knife blade. The pre-cooled 
piece of metal cover plate was then mounted on top of the platform base (Fig. 
3-4A). Once cutting started, the fiber was lifted up slowly to get contact with 
the sections and the sections were pulled into a straight line by the fiber. 
Cutting was stopped once the ribbon was 2-3 mm (Fig. 3-4B). Once the ribbon 
was transferred on the grid (Fig. 3-4C), the grid was released from tweezers 
onto the platform. A pre-cooled 10 mm laser window (Edmund Optics stock # 
65-855) glass was first rested on the knife holder for 1 min to remove static 
charge, if any, and then placed on top of the grid (Fig. 3-4D). A pair of pre-
cooled forceps (Dumont #5) was pressed gently against the glass chip along 
the length of the cryo-ribbon using the sharp tips. Then the window was 




Figure 3-4 Cryosectioning protocol 
(A) Experimental setup. The fiber (2) was placed in close proximity to the 
cutting knife (1). The cryo-platform base (3) was secured on the body of 
the knife and the metal cover plate (4) was mounted on the base. A pair 
of tweezers (5) holding a grid (3 mm in diamter) was also put in place.  
(B) A cryo-ribbon (arrowheads) was cut to 2-3 mm. One end was glued to 
the knife blade (1) and the other end was captured by the fiber (2). 
(C) The ribbon (arrowheads) was transferred to the grid by slowly putting 
the grid in contact with the ribbon from underneath.  
(D) The grid was released onto the platform and then covered by a piece of 
lase window glass. Inserted: the cryo-ribbon (arrowheads) underneath 
the glass. 
 
3.3.3 Section quality  
The cryosections were imaged by a Titan Krios (FEI, Eindhoven) 300 KeV 
TEM. At low magnification (Fig. 3-5A), the sections appeared to be intact on 
the holey carbon film. The shape of S. cerevisiae cells was ellipsoid due to 
compression artifact. Other artifact such as knife marks could also be seen. At 
high magnification (Fig. 3-5B), a spindle was imaged inside a metaphase 
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arrested yeast nucleus. Thirteen protofilaments (Amos and Klug, 1974; Tilney 
et al., 1973) could be easily counted in the transverse view. The protofilaments 
were also visible in the oblique view. This demonstrates that cryosectioning 
preserves the macromolecular complexes inside the cells and allows direct 
visualization of these complexes. We also acquired tilt series and 
reconstructed tomograms from the vitreous sections. Fig. 3-5C shows a 30-nm 
thick tomographic slice of a G1-arrested yeast. The nucleus was marked by the 
nuclear envelope. In the cytoplasm, organelles such as endoplasmic reticulum 
and vacuole were discernible. From a 90° flip view, it could be seen that the 
section was flat and well attached to the carbon film. Firm attachment 
stabilizes the section during tilt series acquisition and therefore is crucial for 
generating high-quality tomograms. In Fig. 3-5E, which was boxed out and 
enlarged from the tomographic slice, the two leaflets were clearly visible in 
both the outer and inner nuclear membrane. This shows that the tomogram has 
a very high molecular resolution. Fig. 3-5F shows an enlarged region inside 




Figure 3-5 Cryosection quality 
(A) Overview of a cryosection on holey carbon film. Hole edge on the 
carbon film is marked by dashed circle. Two S. cerevisiae cells are 
marked by asterisks. Ice contaminants are marked by arrowheads. Knife 
marks are indicated by arrows. 
(B) A lose-dose projection image of mitotic spindle inside the nucleus of a 
metaphase S. cerevisiae. Note that in both oblique and transverse views 
of the microtubules, protofilaments are clearly resolved. 
(C) A 30-nm thick tomographic slice of a G1 phase S. cerevisiae. (N) 
Nucleus, (Cyto) Cytoplasm, (V) Vacuole, (ER) Endoplasmic Reticulum. 
(D) A 90° flipped view (along the horizontal axis) of the tomogram in (C). 
The cryosection (parallel lines) is flat and firmly attached to the carbon 
film. Gold fiducials (white arrows) are sandwiched between the carbon 
film and the vitreous section. 
(E) The nuclear envelop from (C) is boxed out and enlarged 5-fold. Lipid 
bilayers on both inner and outer membrane are easily resolvable.  
(F) An intranuclear region in (C) is boxed out and enlarged 5-fold. Granular 







Cryo-ET has been a powerful tool to study biological samples at molecular 
resolution in 3-D. But the sample must be thinner than 500-nm in order to 
achieve high resolution. Thick cells (e.g. most eukaryotes) are typically high-
pressure frozen and cut into ~ 100-nm sections under cryo condition. Due to 
the extreme difficulty of cryosectioning, there are only a handful of studies 
using this technique. Two critical steps, namely pulling the ribbon to a 
sufficient length and attaching the ribbon onto the grid, must be accomplished 
with care to generate high quality sample. We devised a set of tools to 
facilitate these steps, especially for less experienced microtomists. The fiber 
tool controlled by a customized micromanipulator allows the microtomist to 
capture the nascent cryosections and to elongate the ribbon with substantially 
less effort. The metal cryo-platform servers as a stage for pressing the ribbon 
more firmly onto the grid. With these tools, we have been able to train four 
people with zero experience to successfully generate high-quality reproducible 











Chapter 4 : Structural study of Chromatin organization in S. 
cerevisiae 
4.1 Abstract 
In eukaryotes, DNA wraps around histone proteins to form nucleosomes. The 
current textbook model dictates that nucleosomes are further packed into 
regular 30-nm fibers. The evidence for the fiber model comes mainly from in 
vitro experiments using reconstituted nucleosome arrays. However, more and 
more in situ studies on various samples, including human cell and plant, failed 
to find any high-order chromatin structures inside the nucleus. In particular, 
results from a recent chromatin conformation capture-based study in budding 
yeast were consistent with the tetranuclesome motif. We proposed to study 
whether nucleosomes are packed into regular 30-nm chromatin fibers in S. 
cerevisiae. Yeast cells were synchronized, high-pressure frozen and cut into 
thin vitreous sections at cryogenic temperature, without chemical fixation or 
staining. Subsequently, cryosections were imaged using a cryo-transmission 
electron microscope. Tilt series were collected and reconstructed into 3-D 
tomograms, which allowed us to directly visualize nucleosome densities inside 
the yeast nucleus that was preserved in a near-native state. Our results did not 
reveal any high-order chromatin structure. In the crowded nucleoplasm, 
nucleosome densities are distributed irregularly without any long-distance 
arrangement. Based on our and others' data, we propose that chromatin 
organization is likely regulated via local interactions among nucleosomes that 
are physically in proximity. The work in this chapter has been deposited on 
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BioRxiv (http://www.biorxiv.org/content/early/2016/06/01/056465) and 
published in Molecular Biology of the Cell (Chen et al., 2016). 
4.2 Introduction 
The genomes of eukaryotic cells are packaged to one millionth of their 
contour length but must be accessible to transcription factors, polymerases and 
nucleases. In the first level of chromatin packing, 146 bp of double-stranded 
DNA warps around a histone octamer composed of two copies each of H2A, 
H2B, H3 and H4, which together form the nucleosome core particle (Kornberg, 
1977; Luger et al., 1997). How nucleosomes pack in three dimensions has 
been intensively studied for nearly half a century. One of the first traditional-
EM studies of purified chromatin proposed that sequential nucleosomes are 
arranged into compact, 30-nm diameter helical fibers (Finch and Klug, 1976). 
Since then, the chromatin structure has been investigated in vitro using all 
available structural approaches, which led to at least two broad classes of fiber 
models: the one-start solenoid (Robinson et al., 2006) and the two-start zigzag 
models (Schalch et al., 2005; Song et al., 2014). Since the majority of 
chromatin structural studies are done in vitro, it casts doubt on whether the 
proposed models reflect the true scenario inside the nucleus in vivo, where it is 
crowded and metabolically active. 
 
While traditional EM has been instrumental in the discovery and 
characterization of the nucleosome (Finch et al., 1975; Olins and Olins, 1974), 
its power has provided limited insights into higher-order chromatin structure 
because molecular details are severely perturbed by sample-preparation steps, 
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such as buffer condition, chemical fixation, dehydration, and heavy-metal 
staining (Bozzola and Russell, 1999). Advanced high-throughput sequencing 
approaches such as nucleosome-positioning and chromatin-conformation 
capture (3C, 5C, Hi-C, etc.; hereon abbreviated 3C) allow for the study of 
chromatin structures in fixed cells (Pombo and Dillon, 2015). These 
alternative approaches reveal the most probable pair-wise chromatin contacts 
in a population of cells. Single-celled 3C models are possible, but the resultant 
models are limited to higher-order structures like topologically associated 
domains, which are detectable because each domain contains many pairwise 
interactions (Nagano et al., 2013). 
 
In contrast to traditional EM, cryo-EM preserves samples in a near-native state 
and is becoming the method of choice for chromatin structural studies. For 
example, two cryo-EM studies of vitreous sections showed that in isolated 
chicken-erythrocyte nuclei, chromatin was folded into fibers (Scheffer et al., 
2011; Woodcock, 1994). This method showed that chromatin fibers also exist 
in partially lysed starfish and sea cucumber sperm (Woodcock, 1994). In 
contrast, a cryo-EM study of vitreous sections of intact HeLa cells did not 
identify any fiber-like structures (Eltsov et al., 2008); instead, nucleosome 
densities were packed in an irregular state, in agreement with the polymer-
melt-like structure model (Maeshima et al., 2014b). A combined cryo-EM and 
small-angle X-ray scattering study showed that the signals corresponding to 
30-nm fibers could arise from contaminating ribosomes (Nishino et al., 2012). 
Another cryo-ET study showed that picoplankton chromatin was also 
organized as a polymer-melt (Gan et al., 2013). Despite this growing body of 
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evidence that the 30-nm chromatin fiber was not the predominant form of 
chromatin packing, many studies continued to reach contradictory conclusions. 
Furthermore, cryo-ET chromatin studies have only been done on a limited 
number of cell types. Recent technological advances, particularly in direct 
detection cameras (Bai et al., 2015; Cheng et al., 2015), have further 
multiplied the power of cryo-EM to tackle challenging cell-biological 
questions in vivo. 
 
The budding yeast S. cerevisiae is an important model system for chromatin 
structure and its function in transcription. Both fluorescence microscopy 
imaging of certain genomic loci (Bystricky et al., 2004) and high-resolution 
nucleosome-positioning studies (Brogaard et al., 2012) inferred that yeast 
chromatin packing is consistent with a two-start zigzag 30-nm fiber (Brogaard 
et al., 2012). This conclusion was controversial because a more recent study 
using chromatin-conformation capture did not find any evidence for 30-nm 
fibers (Hsieh et al., 2015). While such high-throughput-sequencing based 
approaches have made important advances to our understanding of chromatin 
structure, no study has directly visualized the locations of nucleosomes within 
the crowded molecular environment of intact yeast. 
 
In this chapter, I will present our work on the chromatin organization in the 
budding yeast Saccharomyces cerevisiae by directly visualizing nucleosome 
densities in 3-D using electron cryotomography (cryo-ET). We first showed 
that our sample preparation and data analysis techniques had the capability of 
resolving chromatin fibers by using chicken erythrocyte nuclei and purified 
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chromatin samples as a positive control. To thin yeasts for cryo-ET analysis, 
the cells were high-pressure frozen and cut into 100-nm vitreous sections 
under cryo-conditions. Our analysis of tomograms of G1-arrested and 
metaphase-arrested yeast nuclei did not uncover any evidence of the regular 
30-nm fibers (Bystricky et al., 2004). Instead, nucleosomes were disorganized 
inside the nucleus and did not adopt any higher-order structures. The 
nucleosomes did frequently make dimeric- and trimeric contacts, leading us to 
propose that in yeast, chromatin folded into lower-order structures. Given the 
unusually low frequency of introns in yeast, these small groups of 
nucleosomes might in fact be bodies of individual genes.  
4.3 Results 
4.3.1 TOVIS allows detection of chromatin fiber  
There are many model systems for chromatin studies. These range from 
natural fibers isolated from chicken erythrocytes (Woodcock, 1994) to 
reconstituted fibers assembled from recombinant histones plus artificially 
selected “positioning” DNA sequences (Huynh et al., 2005; Lowary and 
Widom, 1998). Cryo-EM is an increasingly popular method to study 
macromolecular complexes (Kuhlbrandt, 2014). In cryo-EM studies of 
isolated chromatin particles, the samples were prepared by plunge freezing 
(Bednar et al., 1995). In cryo-EM studies of in situ chromatin, cells were high-
pressure frozen and then thinned by cryomicrotomy (McDowall et al., 1986).  
 
We first tested whether chromatin fibers could be preserved and detected by 
tomography of vitreous sections (TOVIS). We chose purified chic
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erythrocyte chromatin to perform this positive control because it could be 
easily induced into fiber structure in presence of Mg2+ and its structure has 
been well characterized by previous studies (Scheffer et al., 2012; Scheffer et 
al., 2011; Woodcock, 1994). 
 
Our collaborators Dr. Kazuhiro Meashima’s group prepared the chromatin 
fibers. They first isolated CEN from fresh chicken blood and then extracted 
the chromatin material from CEN. We analyzed both CEN sample and 
purified chromatin sample by TOVIS (Scheffer et al., 2011). 
 
4.3.1.1 30-nm fiber in chicken erythrocyte nuclei 
Intact CEN are ~ 10 µm in diameter and too thick to be directly imaged by 
cryo-EM. Therefore, we first tried to break down the nuclear membrane and 
release the chromatin by incubating the nuclei in low ionic buffer. The 
partially lysed CEN sample was plunge frozen and imaged by cryo-ET. At low 
magnification, the center of CEN appeared to be a black blob (Fig. 4-1A) and 
finer details were unrecognizable since the center mass was still too thick. At 
the periphery, lysed chromatin fanned out into a thinner contour. In a higher-
magnification projection image, 30-nm chromatin fibers were detected on the 
edge of the lysed CEN (Fig. 4-1B) and individual nucleosome densities were 
also recognizable.  
 
We acquired tomograms at various peripheral regions from multiple CEN. 
From one such tomogram, a long chromatin fiber with a diameter of 30-nm is 
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clearly visible (Fig. 4-1C). In another tomogram, outlier nucleosomes on a 
chromatin fiber are captured in their top views (Fig. 4-1D, arrows). 
 
 
Figure 4-1 Chicken erythrocyte nuclei lysis 
(A) A low-magnification (1700X) projection image of a partially lysed CEN. 
The center mass of CEN is dark due to its thickness. The periphery 
contains lysed chromatin. 
(B) A high-magnification (11000X) projection image of the peripheral 
region marked by a square in (A). Arrow points to a chromatin fiber. 
(C) A 10-nm-thick tomographic slice of 30-nm chromatin fiber from top left 
to bottom right. 
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(D) A 10-nm-thick tomographic slice of another chromatin fiber. Straight 
lines are DNA densities. Arrows point to three nucleosomes that are 
oriented parallel to the image plane. 
 
 
We next high-pressure froze the intact CEN and cut cryosections. Fig. 4-2A 
shows a tomographic slice of a typical CEN that we observed. Most of the 
volume in the nucleus is packed with polymer-melt-like nucleosomes (Fig. 4-
2B). No higher-order structure could be detected. In some regions, there 
appears to be empty spaces, inside which nucleosome densities are punctuated 
and irregular (Fig. 4-2C). Our results are in discrepancy with a previous study 
that also cut cryosections of isolated CEN (Scheffer, 2011). Their results show 
that CEN are packed with 30-nm chromatin fibers. One possible explanation 
for this discrepancy is that formation of chromatin fibers is highly sensitive to 
the buffer conditions such as the osmotic pressures (Scheffer, 2011) and Mg2+ 
concentrations (Eltsov, 2008). The nuclei isolation buffer and HPF reagents 
that we used to prepare the cryosectioned CEN might cause the chromatin to 
adopt a different form rather than 30-nm fiber. In addition, only three 
tomograms were analyzed in (Scheffer et al., 2011), which might not be 
enough to give reproducible results. We repeated the experiments twice, each 
with a different batch of CEN and collected ~ 50 tomograms in total. The 





Figure 4-2 CEN in cryosections 
(A) Tomographic slice (30 nm-thick) of CEN in cryosections.  
(B) 4-fold enlargement of the region boxed out by black square in (A). 
(C) 4-fold enlargement of the region boxed out by white square in (A). 
 
4.3.1.2 Characterization of 30-nm fiber in purified chromatin under 
various conditions 
The purity and integrity of the purified chicken erythrocyte chromatin were 
checked by our collabarators. The SDS-PAGE gel of the purified chromatin 
sample verifies that all core histones (H2A, H2B, H3 and H4) and linker 
histone H1 are present and other protein contaminants are negligible (Fig. 4-
3A). The chromatin DNA was also isolated and analyzed by agarose gel 
electrophoresis (Fig. 4-3B). Average DNA length is ~ 5 kb, which is 




Figure 4-3 Isolation of chromatin from chicken erythrocytes  
(A) SDS-PAGE gel of purified chromatin. Nucleosome core particle 
components H2A/H2B, H3 and H4 as well as linker histone H1.5 are 
present in the sample.  
(B) Agarose gel of isolated chromatin DNA. Average DNA length is ~5 kb 
(arrow). 
Note: This experiment was performed by S. Tamura and K. Maeshima 
 
 
After receiving the purified chromatin samples, we first plunge froze them in 
various buffer conditions. In the isolation buffer (10 mM Tris-HCl pH 7.5, 0.1 
mM EDTA, 0.1 mM PMSF), nucleosomes are orientated almost randomly and 
interconnected by linker DNA. The chromatin is in the so-called “beads-on-a-
string” form (Fig. 4-4A). In presence of 1 mM Mg2+, the distance between 
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adjacent nucleosomes shortens and the chromatin starts to pack loosely into 
fibers (Fig. 4-4B). When Mg2+ concentration is increased to 2 mM, all 
chromatin is packed into compact fibers (Fig. 4-4C). This result is consistent 
with the notion that increased cation concentration induces compact 
nucleosome arrangement (Eltsov et al., 2008). 
 
Figure 4-4 Chromatin fiber formation in various Mg2+ concentrations 
(A) Tomographic slices (10-nm) of five different chromatin samples without 
Mg2+. 




(C) Tomographic slices (10-nm) of five different chromatin samples with 
2mM Mg2+. 
 
In addition to Mg2+ concentration, we also tested the osmotic effects on 
chromatin fibers (Scheffer, 2011). The purified chromatin was first incubated 
in 2 mM Mg2+ to allow fiber formation. Then the fiber sample was divided 
into two tubes and mixed with 20% 40-kD dextran (Fig. 4-5A) and 20% 1.5-
kD dextran (Fig. 4-5B), respectively. Note that 40-kD dextran is much more 
viscous than 1.5-kD dextran and as a result, after blotting, the remaining liquid 
layer on the grid is thicker. This explains why Fig. 4-5B has higher contrast 
than Fig. 4-5A. Nevertheless, chromatin is packed into tight fibers in both 
samples. Since 40-kD dextran has larger osmotic effect on fiber compaction 
(Scheffer, 2011), chromatin fibers in 40-kD dextran are more compact 




Figure 4-5 Chromatin fiber formation in difference osmotic pressures 
(A) Tomographic slices (10-nm) of five different chromatin samples plunge-
frozen in 20% 40-kD dextran. 
(B) Tomographic slices (10-nm) of five different chromatin samples plunge-
frozen in 20% 1.5-kD dextran. 
 
4.3.1.3 Cryosectioning preserves chromatin fibers  
To test if chromatin fiber structures could be kept intact by our sample-
preparation steps and to control for the effects of cryomicrotomy, we used 
purified chicken-erythrocyte chromatin fibers as a positive control (Scheffer et 
al., 2011). To promote fiber formation, we suspended the chromatin in 
isolation buffer containing 2 mM Mg2+. Then we mixed the chromatin fibers 
with 20% 40-kD dextran as a cryoprotectant. The mixture was vitrified by 
high-pressure freezing and subsequently cut into 50-nm vitreous sections. All 
the cryosections were then imaged by cryo-ET. Even though dextran 
noticeably adds to the background, lowering the overall contrast, chromatin 
particles are clearly recognizable (Fig. 4-6). The fibers are so compact that it is 
  
78 
not possible to distinguish individual nucleosome densities except 
occasionally at the periphery of these structures. Most importantly, 
cryosectioned (Fig. 4-6D) and plunge-frozen chromatin (Fig. 4-6B) appear 
very similar except the former are compressed along the cutting direction, as 
expected. The results are reproducible in all our experiments (Fig. 4-6E). 
These control experiments demonstrate that chromatin fibers are not disrupted 





Figure 4-6 Chromatin fibers are compact and remain intact in 
cryosections 
(A) Projection image of plunge-frozen chromatin fibers. Note that due to 
low dose (~2 e/Å2) and relatively small defocus (-6 µm), the fibers are 
difficult to see in projection images. The dark, punctate densities are 10-
nm gold fiducials. The dashed line marks the curved edge of the holey 
carbon support. 
(B) Tomographic slice (12-nm) of the position in (A). Examples of 
chromatin fibers are indicated by arrowheads.  
(C) Projection image of a vitrous section containing chromatin fibers. Knife 
marks are thin linear features that are parallel the cutting direction (black 
arrow). 
(D) Tomographic slice (12-nm) of the same area as in C. Examples of 
chromatin fibers are indicated by arrowheads. The light bands running 
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from the lower left to upper right of C and D correspond to crevasse 
artifacts since these computational slices were taken near one of the 
faces of the cryosection. Scale bars are 100 nm.  
(E) Tomographic slices (12-nm) of five examples of chromatin fibers 
preserved in cryosections. Scale bar is 30 nm. 
 
4.3.2 Chromatin does not pack into 30-nm fiber in yeast  
In many eukaryotes, chromatin undergoes global reorganization, from an 
“open” interphase state to condensed chromosomes in mitosis. We arrested 
yeast cells at G1 phase and at metaphase, respectively, to sample two well-
defined points of the cell cycle. To arrest at G1 phase, wild-type cells (strain 
US1363) were incubated with α-factor for three hours (Fig. 4-7 left column) 
(Breeden, 1997; Yeong et al., 2000). The characteristic “schmoo” morphology 
confirms that these cells were at interphase. To arrest in metaphase, cdc20Δ 
GAL-CDC20 cells (strain US1375) were incubated in YEP-glucose (Fig. 4-7 
right column) (Liang et al., 2012; Visintin et al., 1997). Since cdc20 cannot be 
transcribed in this medium, APC/C is deactivated and cells are arrested at 
metaphase indefinitely. This is confirmed by the short “bar” shaped spindle 




Figure 4-7 Synchronization of S. cerevisiae 
Left column:     US1363 cells are arrested at G1 phase and show the       
                          characteristic “schmoo” morphology when incubated with α-     
                          factor. Scale bar is 10 µm. 
Right column:   cdc20Δ GAL-CDC20 (US1375) mutants are arrested at  
                          metaphase in presence of glucose, which is characterized by a      










Figure 4-8 Chromatin is not organized as fibers in S. cerevisiae 
(A) Tomographic slice (30-nm thick) of nucleus at G1-phase. 
(B) Tomographic slice (30-nm thick) of nucleus at metaphase. The nucleus 
(Nuc) and a mitochondrion (Mi) are labeled in each cell. Inner and outer 
nuclear membranes are marked by parallel white bars. Black arrowheads: 
ribosome densities in cytoplasm. Scale bars are 200 nm. 
(C) A position with chromatin in the nucleus boxed out (blue) and enlarged 
3-fold from (A). Scale bars are 30 nm.  
(D) A position with ribosomes in the cytoplasm boxed out (red) and 
enlarged 3-fold from (A). Scale bars are 30 nm.  
(E) A position with chromatin in the nucleus boxed out (blue) and enlarged 
3-fold from (B). Scale bars are 30 nm.  
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(F) A position with ribosomes in the cytoplasm boxed out (red) and 
enlarged 3-fold from (B). Scale bars are 30 nm.  
(G) Two examples of ribosome-sized densities inside nucleus boxed out 
(grey) and enlarged 6-fold from (A). Scale bars are 10 nm.  
(H) Two examples of ribosome-sized densities inside nucleus boxed out 
(grey) and enlarged 6-fold from (B). Scale bars are 10 nm.  
(I) Rotationally averaged power spectra of chromatin and ribosome-rich 
positions from (A). Arrows point to spatial frequencies that correspond 
to 30 nm and 10 nm spacings, respectively. 
(J) Rotationally averaged power spectra of chromatin and ribosome-rich 
positions from (B). Arrows point to spatial frequencies that correspond 
to 30 nm and 10 nm spacings, respectively. 
 
 
We analyzed cryotomograms of both samples by cryo-ET of vitreous sections. 
Nucleosome-like densities are abundant inside the nuclei, but higher-order 
chromatin structures that resemble fibers or otherwise highly compact arrays 
are absent (Fig. 4-8A and 4-8B; 4-8C and 4-8E). In fact, we did not see any 
assemblies of nucleosome-sized particles that have long-range order of any 
kind. Ribosome-sized particles are also abundant inside the nucleus (Fig. 4-8A 
and 4-8B; 4-8G and 4-8H). Visualization of these discrete ~30-nm-diameter 
intranuclear particles further demonstrates that our data has enough contrast to 
reveal chromatin-fiber-like structures, if they existed. As an additional control, 
we imaged commercial baker’s yeast that was thinned by an alternate method, 
cryo focussed ion-beam (cryo-FIB) milling (Rigort et al., 2012). Cryo-FIB 
thins samples with a gallium-ion beam instead of a diamond blade and can 
therefore eliminate some of the artifacts of mechanical cutting. We performed 
cryo-ET on cryo-FIB-milled yeast and found that, like cryosectioned 
commercial yeast, there was no evidence of chromatin fibers (Fig. 4-9). These 
data show that yeast chromatin does not have features consistent with 




Figure 4-9 Cryosectioning preserves chromatin structure 
(A) Tomographic slices (30-nm) of commercial baker’s yeast prepared by 
cryosectioning  
(B) Tomographic slices (30-nm) of commercial baker’s yeast prepared by 
FIB milling.  
(C) A position with chromatin in the nuclei boxed out and enlarged 3-fold 
from (A). Scale bars are 200 nm.  
(D) A position with chromatin in the nuclei boxed out and enlarged 3-fold 
from (B). Scale bars are 200 nm.  
(E) Rotationally averaged power spectrum of (C). Arrows point to spatial 
frequencies that are centered on 30 nm and 10 nm spacings. 
(F) Rotationally averaged power spectrum of (D). Arrows point to spatial 





To detect and characterize any periodic motifs that may be present, we 
calculated rotationally averaged power spectra of positions within the nuclei 
(Fig. 4-8C and 4-8E). A broad peak at ~ 10-nm spacing stood out in both G1 
phase and metaphase cells (Fig. 4-8I and 4-8J, blue curves). This signal is 
expected from densely packed nucleosomes, which are 6-nm thick and 10-nm 
in diameter (Nishino et al., 2012). In contrast, we did not observe a peak at 
~30-nm spacing (Fig. 4-8I and 4-8J, blue curves). These observations were 
reproducible in all our yeast samples (see Fig. 4-10 and 4-11 for more 
examples).  
 
As an internal control, we analyzed the cytoplasms of both G1 phase and 
metaphase cells. Many of these positions are densely packed with ribosomes 
(diameter of ~30 nm) (Fig. 4-8D and 4-8F), so the resulting power spectra had 
a broad peak from ~30- to 50-nm spacing (Fig. 4-8I and 4-8J, red curves). 
Even though the relatively large defoci (-8 to -15 µm) used to image yeast 
vitreous sections has sufficient contrast in the spatial frequencies expected for 
chromatin fibers and even though we did CTF correction (Xiong et al., 2009), 
we needed to be certain that the residual defocus artifacts could not distort any 
structural signatures of chromatin fibers. To account for this possibility, we 
also acquired several tilt series much closer to focus (-3 µm). Cryo-EM does 
not generate much low-resolution contrast under these conditions (Fig. 4-12A), 
but there was still no evidence for higher-order chromatin structures like 
chromatin fibers (Fig. 4-12B and 4-12C). We could still detect ribosomes in 
both the cytoplasm and nucleoplasm, meaning that individual chromatin fibers, 
if they existed in these cells, would also be detectable this close to focus. 
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Figure 4-10 Additional examples of G1-arrested cells 
Tomographic slices (30-nm thick) of four more G1-phase cells. The lower left 
subpanel is a 3-fold enlargement of the area boxed in blue. The lower right 
subpanel shows a rotationally averaged power spectrum of this area. Arrows 





Figure 4-11 Additional examples of metaphase-arrested cells 
Tomographic slices (30-nm thick) of four more metaphase cells. The lower 
left subpanel is a 3-fold enlargement of the area boxed in blue. The lower right 
subpanel shows a rotationally averaged power spectrum of this area. Arrows 
indicate 30- and 10-nm spacings. For the two cells in the lower panels, the 





Figure 4-12 Absence of evidence of 30-nm fiber is independent of imaging 
conditions 
(A) Tomographic slice (30-nm thick) of a nucleus in a G1-arrested cell 
imaged much closer to focus (-3 µm) than for the rest of our data. The 
nucleus (Nuc) and a mitochondrion (Mi) are labeled. White arrowheads: 
ribosome-sized densities inside nucleus; black arrowheads: ribosome 
densities in cytoplasm. 
(B) A three-fold enlargement of the intranuclear position boxed in panel (A). 
(C) Rotationally averaged power spectrum of (B). Arrows point to spatial 




The high contrast in our best tomograms allowed us to render the nuclear 
volumes as isosurfaces and then manually adjust the cutoff level so the 
nucleosome-like densities could be visualized in 3-D (Fig. 4-13). This 
rendering style enables the direct inspection for 3-D arrangements of 
chromatin structures that we might otherwise have missed when inspecting 
tomographic slices. As expected, the isosurfaces confirmed the crowded and 
disorganized nature of the yeast nucleus (Fig. 4-13B, 4-13C and 4-13F, 4-
14G). This crowdedness was even more evident when we increased the 
thickness to 70 nm (Fig. 4-13D and 4-13H). In summary, these analyses 
showed no evidence that yeast chromatin organizes as fibers or any periodic 

















(A) Tomographic slices (10-nm) of nucleus in a G1 phase cell. Scale bar is 
200 nm.  
(B) Enlargements (3-fold) of the intranuclear positions enclosed by boxes in 
panels (A).  
(C) Isosurface rendering of a 10-nm-thick volume of the region in (B). Note 
that some of the smaller densities are from tomographic slices just 
“above” and “below” the selected volume.  
(D) Isosurface rendering of a 70-nm-thick volume centered on the same 
region in (B). 
(E) Tomographic slice (10-nm) of nucleus in a metaphase cell. Scale bar is 
200 nm.  
(F) Enlargements (3-fold) of the intranuclear positions enclosed by boxes in 
panels (E).  
(G) Isosurface rendering of a 10-nm-thick volume of the region in (F). Note 
that some of the smaller densities are from tomographic slices just 
“above” and “below” the selected volume.  
(H) Isosurface rendering of a 70-nm-thick volume centered on the same 
region in (F). 
 
4.3.3 Fixed cells also have disorganized chromatin  
A recent study used the new 3C variant called “Micro-C” to study chromatin 
structure in yeast in situ (Hsieh et al., 2015). That study also concluded that 
yeast chromatin does not form chromatin fibers but instead packs into 
tetranucleosome clusters. Such oligonucleosome structures are perhaps 
analogous to the “clutches” of nucleosomes proposed in a recent super-
resolution microscopy study of human chromatin (Ricci et al., 2015). Since 3C 
approaches are thought to capture native chromatin interactions, they could be 
very informative if the lengthy formaldehyde fixation step does not seriously 
perturb chromatin structure. We therefore tested if cells prepared like 3C 
samples are perturbed and if they have the proposed oligonucleosome 
structures. We fixed the log-phase US1363 cells in formaldehyde using 
published protocols (Hsieh et al., 2015) and then high-pressure froze, 
cryosectioned, imaged, and generated cryotomograms using the same 
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conditions as for unfixed cells. Overall, we did not see any gross distortions to 
cellular morphology except to the mitochondrial membranes (Fig. 4-14, 
arrows). Macromolecular complexes such as ribosomes did not form 
aggregates either. While the contrast was not as good as in unfixed cells, we 
could see that the nucleosome-like densities were also distributed uniformly 
without forming fibers (Fig. 4-14C). Some nucleosome-like densities were 
also close enough to form contacts (Fig. 4-14D), but we did not see any highly 
compacted structures reminiscent of tetranucleosomes in crystals (Schalch et 
al., 2005) or in reconstituted tetranucleosome particles (Song et al., 2014). 
These observations were reproducible in all the fixed yeast samples (see Fig. 
4-15 for more examples). 
 




Figure 4-14 Fixation does not seriously perturb nuclear structure 
(A) 10-nm thick tomographic slice of an unfixed US1363 G1-arrested cell. 
(B) 15-fold enlargement of the nuclear densities boxed in (A).  
(C) 10-nm thick tomographic slice of a formaldehyde-fixed US1363 cell. 
(D) A 15-fold enlargement of the nuclear densities boxed in in (C). Arrows 





Figure 4-15 Additional examples of formaldehyde-fixed cells 
Tomographic slices (10-nm thick) of four more G1-arrested cells, fixed in 
formaldehyde. A region inside each nucleus is boxed out and enlarged 6-fold 
in the lower subpanel. 
 
Table 4-1 Summary of chromatin conformations observed 
Sample Treatment Observations Note 
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4.3.4 Lower-order chromatin structure in yeast  
We could clearly see small clusters of nucleosome-like densities in many of 
our best cryotomograms. If groups of nucleosomes form abundant, well-
defined complexes, they must also appear frequently as clusters of 
nucleosome-like densities in our cryotomograms. This definition has been 
used in the study of chromatin fibers in chicken erythrocytes (Scheffer et al., 
2011), ATPases in mitochondria (Davies et al., 2011), and polysomes in E. 
coli and neurons (Brandt et al., 2010; Brandt et al., 2009). An example small 
chromatin structure is the tetranucleosome, which should be detectable as four 
closely packed densities. It is not feasible to find these clusters manually 
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unless the majority of the densities lie in a plane perpendicular to the viewing 
axis (typically along Z). We therefore semi-automatically searched for small 
clusters of nucleosome-like densities by template matching (Figs. 2-1 and 4-
16). Not knowing how exactly the nucleosomes would be positioned next to 
each other, we used as references simple clusters of spheres packed to ~ 10-
nm center-to-center distance (Fig. 4-16B, color-coded maps). As expected 
from the disordered nature of yeast chromatin, very few template-matching 
hits looked like the reference models. Of the best-correlating hits, the positions 
of the nucleosome-like densities varied so much that a subtomogram average 
was not feasible (Fig. 4-16B). Furthermore, each “class” of clustered particles 
is very rare, numbering fewer than ~ 10 in the search volume. If we 
extrapolate to the entire yeast nucleus, then we expect there to be fewer than ~ 
1,000 of each of these density clusters. While it was tempting to template 
match with other arrangements of closely packed spheres, many of these 
would yield overlapping hits dependent on the chosen cross-correlation 
threshold. We conclude that while clusters of nucleosomes exist in yeast, they 






Figure 4-16 Oligonucleosome-like densities are heterogeneous 
For each row: 
(A) A tomographic slice of the interior inside the nucleus, with cell type 
indicated on the upper right corner. Template-matching hits of possible 
arrangements of tetranucleosomes are circled, but only part of the 
density is within this slice volume. Hits from 3 different references are 
color-coded as in (B). Scale bars are 30 nm. 
(B) Left: Three different templates showing potential clustering of 
nucleosomes. Nucleosomes are rendered as ~7-nm spheres. Template-
matching hits from each reference are color-coded accordingly in (A). 
Right: examples of extracted and aligned template-matching hits (10-nm 
thick tomographic slice, enlarged by 4-fold relative to A) using the 
reference on the left. They show the heterogeneous nature of these 
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particles. The missing wedge causes some of the densities to appear 





Figure 4-17 Yeast chromatin is polymer-melt-like with local nucleosome 
clustering 
Three levels of chromatin organization: (A) regular 30-nm fiber, (B) 
disordered polymer-melt-like chromatin, and (C) polymer-melt interspersed 
with local nucleosome clusters. Our cryo-ET data is more consistent with 
nucleosomes (blue cylinders) packing without long-range order (B and C). 
Black lines indicate how linker DNA might connect adjacent nucleosomes. 
Nucleosomes are modeled as 11-nm by 6-nm cylinders. 
 
4.4 Discussion  
4.4.1 Vitreous sections reveal details of in situ chromatin organization 
Cryo-ET makes it possible to address structural cell-biology problems at 
molecular resolution (Dubrovsky et al., 2015). Limitations imposed by 
electron-scattering physics nevertheless have restricted the vast majority of 
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such advances to bacteria, which are thin enough to be plunge-frozen and then 
imaged in toto (Pilhofer and Jensen, 2013). Cryo-ET studies of eukaryotes, 
particularly the investigations of minimally perturbed chromatin require that 
intact cells be thinned in the vitreous state. This challenge can be surmounted 
by cryomicrotomy, which can preserve molecular details in a near-native state 
(Al-Amoudi et al., 2004), and direct-detection cameras, which record superior 
images (Bai et al., 2015). We have now used cryo-ET of vitreous sections to 
resolve details of yeast chromatin and have revealed nucleosome-
organizational principles that inform on how chromatin organization 
influences transcription. 
 
Our study reveals that the yeast nucleus is crowded with macromolecular 
complexes, without any evidence of chromatin fibers or anything that could be 
a densely packed chromatin structure. The absence of periodic chromatin 
structures in yeast is reminiscent of the picoplankton Ostreococcus tauri (Gan 
et al., 2013), the only other eukaryote to be studied intact by cryo-ET. It is not 
yet possible to identify every nuclear structure because doing so requires the 
fusion of a metallic nanoparticle to each copy of a protein. Furthermore, the 
fundamental subunits of chromatin -- nucleosomes -- are small and widely 
dispersed, making even super-resolution correlative light-and-electron 
microscopy insufficient for 3-D intracellular identification (Chang et al., 2014). 
To understand the identities of our cryo-ET densities, we look to the yeast 
literature, which has extensively surveyed protein abundance (Borggrefe et al., 
2001; Ghaemmaghami et al., 2003; Koh et al., 2015). These studies 
consistently conclude that nucleosomes are the most abundant components of 
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the nucleus. Since the most abundant nuclear densities in our cryotomograms 
are ~ 10-nm diameter, we propose that most of these densities are 
nucleosomes.  
4.4.2 Yeast chromatin does not form condensed structures 
Yeast has been studied extensively using traditional EM, but there was no 
evidence of densities that was attributable to chromatin or condensed 
chromosomes (O'Toole et al., 1999; Robinow and Marak, 1966; Winey et al., 
1995). In contrast, both fluorescence in situ hybridization and Lac-operator-
array tagging experiments have shown that distant sequences on the same 
chromosome move closer together during mitosis (Guacci et al., 1994; Vas et 
al., 2007). By comparing our cryotomograms of G1- and metaphase-arrested 
cells, we could not detect any chromatid-like structures. To explain the 
paradox that distant loci within a chromosome move closer together without 
the coalescence of chromatids, we propose that yeast chromosomes are 
slightly more extended in interphase and do not condense enough in mitosis. 
Chromatids can be easily seen in mitotic mammalian cells, which undergo 
nuclear-envelope breakdown, allowing the cytoplasm to spread between and 
further separate the chromosomes (Eltsov et al., 2008). Yeast does not 
undergo nuclear-envelope breakdown, meaning that the mitotic chromosomes 
are constrained within the nucleus. 
4.4.3 A hybrid model of yeast chromatin 
The Micro-C approach was recently developed to probe the 3C “blind spot”, 
making it possible to detect chromatin structures corresponding to a few 
nucleosomes (Hsieh et al., 2015). This study did not find evidence for 
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chromatin fibers in yeast either. Micro-C is extremely valuable because it can 
detect interactions between specific nucleosomes. However, the mapping of 
Micro-C data onto a 3-D chromatin model depends on certain assumptions 
that have not yet been controlled for (Pombo and Dillon, 2015). Perhaps the 
most critical factor is how much the nucleus is perturbed by the fixation step. 
We have now shown that formaldehyde fixation does not seriously perturb the 
nucleus, in which macromolecular complexes remained dispersed like in 
unfixed cells. Therefore, cryo-ET and 3C yield the same conclusion that there 
is no evidence of chromatin fibers or large-scale nucleosome assemblies in 
yeast in vivo. As cryo-ET and 3C further improve, we will gain more 
complementary insights into chromatin structure. Chromatin structural models 
of yeast can further improve via the integration of super-resolution 
fluorescence in situ hybridization (Boettiger et al., 2016) and fluorescence 
microscopies (Ricci et al., 2015).  
4.4.4 The meaning of higher-order chromatin 
The prevailing model of higher-order chromatin is hierarchical: nucleosomes 
are packed as highly ordered helical fibers ~ 30-nm thick (Fig. 4-17A); these 
fibers then fold into approximately 130-nm-thick coiled structures called 
‘chromonema fibers’ (Belmont and Bruce, 1994); chromonema fibers can fold 
into yet larger structures such as mitotic chromatids. None of these structures 
have been observed in the two small eukaryotes studied intact by cryo-ET: S. 
cerevisiae and the picoplankton O. tauri. While most of the nucleosome 
densities can be explained by polymer-melt-like chromatin (Fig. 4-17B), some 
densities do pack into smaller oligomers containing fewer than ~ 5 
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nucleosomes. Some of these appear in a linear series, perhaps analogous to the 
face-to-face stacking motif seen in purified starfish sperm chromatin (Scheffer 
et al., 2012). However, face-to-face interactions would rarely involve 
sequential nucleosomes in yeast because the ~ 20 bp linker DNA would have 
to bend nearly 180° to form the requisite loop (Thomas and Furber, 1976). We 
therefore propose that at least in smaller eukaryotes, chromatin is regulated by 
“lower-order” structure. 
 
The genomes of these S. cerevisiae and O. tauri both have ultra-high gene 
density (Derelle et al., 2006), meaning that on average, each gene spans fewer 
than ~ 10 nucleosomes. Since Micro-C reveals that most probable inter-
chromatin interactions are along the diagonal of the contact map (Hsieh et al., 
2015), i.e., between sequential nucleosomes. Nucleosome-occupancy data 
have shown that eukaryotic genes have a nucleosome-depleted region at the 
transcription start site (Lee et al., 2007). The combination of these high-
throughput-sequencing-based models and our direct-imaging data suggests 
that the clusters of nucleosomes are likely to be gene bodies (Fig. 4-18). In the 
absence of chromatin fibers, the overall nucleosomal arrangement is likely to 




Figure 4-18 Chromatin organization in vivo 
Nucleosomes in S. cerevisiae are disordered and resemble polymer-melt as a 
whole. Oligonucleosome clusters exist, and are heterogeneous. Given the 
average gene size, it is possible that these clusters are gene bodies. Local 
short-range clustering of nucleosomes can be a mechanism for gene regulation. 
Linker DNA in between gene bodies is more exposed for transcription factors, 
RNA polymerase etc. Nucleosomes are modeled as blue circle. Linker DNA is 
modeled as black lines. Transcription factors, RNA polymerase, DNA 
polymerase are modeled as various shapes. 
 
4.4.5 Biological factors that disfavor higher-order chromatin 
Our study and others’ raise questions about the notion of higher-order 
structure, at least in proliferating cells. Indeed, the only two cell types shown 
to have chromatin fibers -- by cryo-EM -- are marine invertebrate sperm and 
chicken erythrocytes (Scheffer et al., 2011; Woodcock, 1994), both of which 
are terminally differentiated, with minimal transcriptional activity. While it is 
formally possible for chromatin fibers to coalesce in vivo in yeast, they must 
be exceedingly rare. It is therefore interesting to address the factors that inhibit 
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fiber formation. Yeast chromatin is highly acetylated (Clarke et al., 1993), 
which would destabilize the critical ionic interaction between the histone H4 
N-terminal tail and the acidic patch on adjacent nucleosomes (Shogren-Knaak 
et al., 2006). This hypothesis could be tested using a yeast strain or species 
that is hypoacetylated: if histone acetylation is a key inhibitor of fiber 
formation, such cells should undergo chromosome compaction. Another factor 
that influences chromatin fiber formation is the abundance of linker histone. 
Chicken-erythrocyte chromatin, which folds nearly exclusively as chromatin 
fibers, is highly enriched for histone H1. Conversely, the depletion of H1 from 
mouse embryonic stem cells prevents chromatin fibers from forming in vitro 
(Fan et al., 2005). The role of H1 in yeast chromosome condensation can now 
also be directly tested in vivo by transient overexpression of either 
heterologous or native linker histone (Escher and Schaffner, 1997). 
4.4.6 Biological consequence of nuclear architecture 
The previous cryo-ET study of O. tauri serves as an informative comparison 
(Gan et al., 2013). O. tauri also has a ~12 Mb genome, but its tiny nucleus 
would pack nucleosomes to ~ 700 µM concentration compared to ~ 80 µM in 
the much larger yeast nucleus. Interspecies variations in nucleosome 
occupancy are unlikely to account for this order-of-magnitude difference. In 
stark contrast, chicken erythrocyte chromatin is organized exclusively as short 
fibers that are packed at high densities (Scheffer et al., 2011). Since a chicken 
erythrocyte has ~ 2 Gb DNA and a 212 bp nucleosome-repeat length, it must 
pack ~ 10 million nucleosomes into the tiny nuclei of ~ 3µm diameter (Garcia-
Perez et al., 1999; International Chicken Genome Sequencing, 2004). 
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Remarkably, these packing constraints mean that chicken erythrocytes have a 
nucleosome concentration slightly greater than 1mM, which is expected if the 
a genome is organized almost exclusively into closely packed 30-nm fibers 
(Daban, 2003). This comparison reveals an interesting dichotomy: nuclei 
either have undetectable quantities of chromatin fibers or are filled exclusively 
with fibers. It remains to be seen if there are cells that have intermediate 
quantities of chromatin fibers. 
 
The absence of fibers and chromatin condensation in yeast leads to profound 
consequences because highly compact chromatin (Fig. 4-17A) exposes less 
sequence to transcriptional machinery than loosely packed chromatin (Fig. 4-
17B, 4-17C, 4-18). Transcriptional repression would depend solely on either 
mononucleosomes or oligonucleosome clusters. DNA sequence accessibility 
would have to be increased by transient exposure of short sequences via 
nucleosome sliding or partial unwrapping. More sequence could be exposed 
by nucleosomal eviction, such as found at steady-state in nucleosome-depleted 
regions. Our data, in combination with 3C suggests that yeast chromatin is 
best characterized as polymer-melt like, with small oligonucleosome clusters 
that do not pack into regular structures (Fig. 4-18). If these clusters are gene 
bodies, then the effective (but mild) local compaction would help suppress 
aberrant transcriptional initiation. 
 
One of the best ways to learn about a cell-biological process is to reconstitute 
it in vitro. To do so requires knowledge of what the end state looks like. For 
the chromatin field, a major goal then is to reconstitute chromatin as it is 
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organized in vivo, using purified recombinant nucleosome arrays and perhaps 
proteins or polymers as crowding agents. An increasingly large body of work 
using modern imaging techniques is showing that the target for chromatin 
reconstitution should not be a highly ordered fiber, but instead a polymer melt 
that does not have long-range order of any kind. Here we have shown that this 
conclusion holds true in budding yeast, one of the most heavily studied 
















Chapter 5 : Structural study of kinetochore-microtubule 
attachment in S. cerevisiae 
5.1 Abstract 
During mitosis, two kinetochores on sister chromosomes are attached by 
microtubules (MT) emanating from two spindle poles, respectively, to form 
the so-called bi-orientation. When anaphase begins, sister chromosomes are 
pulled by the kinetochore MTs towards opposing poles to accomplish 
chromosome segregation. One of the most intriguing questions is how MT 
dynamics is coupled to chromosome movement. An outer kinetochore 
component, Dam1 heterodecamer complex, has been shown to form rings 
around MT in intro. It is hypothesized that the Dam1 ring may function as a 
coupler during kinetochore-MT attachment and it converts the tubulin 
depolymerization force into forces for chromosome movement. We proposed 
to use tomography of vitreous sections to test this ring-based hypothesis in S. 
cerevisiae. Cells were high-pressure frozen and cryo-sectioned to preserve 
molecular details in a near-native state. Electron cryotomographic study of the 
cryosection provided us with “molecular” resolution (~4-8 nm) in 3-D, which 
allowed us to search for the Dam1 ring complex at the MT plus end inside the 
nucleus.    
5.2 Introduction 
During mitosis in eukaryotes, duplicated sister chromosomes are split equally 
into two daughter cells to ensure that each cell inherits the same set of 
chromosomes as their mother cell. Mitotic spindle is the machinery 
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responsible for chromosome segregation. During this process, spindle 
microtubules emanate from two opposing spindle pole bodies and attach to the 
sister chromatids. The physical connection between MTs and chromosomes is 
mediated by a structure called kinetochore (Westhorpe and Straight, 2013). In 
S. cerevisiae, the kinetochore is a multi-megadalton protein complex 
approximately 50 nm in size (Gonen et al., 2012). The inner kinetochore 
proteins bind to the centromere on a chromosome. S. cerevisiae has a point 
centromere that consists of one specialized nucleosome, which contains a 
distinct H3 variant, Cse4 (Biggins, 2013). The outer kinetochore proteins 
attach to the plus end of MT.  
 
When all chromosomes are correctly bi-oriented (Tanaka, 2010), the spindle 
assembly checkpoint (SAC) is silenced, which activates a chain of reactions 
and as a result, cohesion molecules holding two sister chromatids together are 
cleaved (Musacchio and Salmon, 2007; Remeseiro and Losada, 2013). The 
two sister chromatids are subsequently pulled to the opposite poles, 
respectively. In case of aberrant MT-kinetochore attachment, CDC20 
molecules are sequestered by the mitotic checkpoint complex (Chao et al., 
2012; Izawa and Pines, 2015), which prevents the activation of anaphase 
promoting complex (Herzog et al., 2009). The sister chromatids remain 
unsegregated. This allows time for the bi-orientation to be established (Tanaka 
et al., 2005).    
 
How MTs attach to kinetochores remains unknown. Previous EM studies of 
yeast plastic sections showed that kinetochore has two discrete layers 
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(McEwen et al., 1998). However, due to the harsh treatment to the sample, 
finer details of the structure were lost. Recently, purified yeast kinetochore 
were negatively stained and imaged by electron tomography (Gonen et al., 
2012). The purified complex has globular domains and contains multiple 
binding sites for MTs. One important component of the outer kinetochore is 
Dam1 complex (Kiermaier et al., 2009). Dam1 is a heterodecamer complex 
that oligomerizes with up to 15 additional Dam1 heterodecamers (Ramey et al., 
2011b) and can form a ring around the microtubule in vitro (Ramey et al., 
2011a). A hypothesis based on this finding argues that Dam1 ring acts as a 
coupler to convert MT dynamics to pulling force (Wang et al., 2007; 
Westermann et al., 2006).  
 
In this chapter, we study the in situ structure of kinetochores in the budding 
yeast S cerevisiae. Mitotic cells were high-pressure frozen, thinned by 
cryomicrotomy, and imaged by electron cryotomography.     
5.3 Results 
5.3.1 Yeast culture synchronization  
We first determined the cell cycle time of wild-type S. cerevisiae (US1363). 
Early log-phase yeast culture was incubated in YEPD medium with α-factor. 
After 3 hours, the majority of cells were arrested at G1 phase. Then cells were 
released to progress into cell cycle by washing out α-factor. A sample was 
taken every ten minutes and fixed by formaldehyde. Fixed cells were divided 
into two tubes, one of which was stained with anti-tubulin antibody and the 
other with propidium iodide DNA stain. Antibody stained samples were 
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checked under fluorescence microscopy (Fig. 5-1A). Approximately one hour 
after α-factor removal, short bar-shaped spindle (Fig. 5-1A, black arrowhead) 
started to form, indicating that these cells were at metaphase. Twenty min later, 
spindle elongated (Fig. 5-1A, white arrowhead) and cells were at early 
anaphase, during which sister chromatids were segregated to two daughter 
cells. Cells progressed into the next cell cycle two hours after α-factor 
washout. For each time point, we counted cells with long spindle, which was a 
proxy for early anaphase. For two biological replica, spindle started to 
elongate at ~ 70 min after α-factor washout. Therefore we concluded that cells 
progressed into metaphase at 60-70 min after α-factor removal. Flow 
cytometry experiments confirmed that cells contained duplicated chromatids 
by this period. 
 
In order to synchronize yeast with higher accuracy, we also used a mutant 
stain (US1375), which carried a cdc20Δ GAL-CDC20 mutation. This stain is 
able to reproduce in medium supplemented with galactose as the carbon 
source. When galactose is switched to glucose, cdc20 transcription is inhibited 
and anaphase promoting complex is inactivated. As a result, cells are arrested 
at metaphase-like state indefinitely. Spindle remains short (Fig. 5-2, black 





Figure 5-1 Wild-type cell cycle timing 
(A) Immunofluorescence microscopy images of US1363 cells stained with 
anti-tubulin antibody. Cells were arrested at G1 phase by α-factor. 
Samples were taken at the indicated time points after α-factor removal. 
Black arrowhead: short bar-shaped spindle; White arrowhead: long 
spindle. Intensities at two tips of the spindle are from astral MTs. 
(B) Percentage of cells with long spindle. 
(C) Flow cytometry of cells stained with PI. 1N indicates one set of 
chromosomes; 2N indicates two sets of chromosomes. Numbers on the 





Figure 5-2 US1375 mutant arrest 
Immunofluorescence microscopy images of US1375 cells stained with anti-
tubulin antibody. Cells were arrested at G1 by α-factor and incubated in YEP-
glucose medium. Samples were taken at the indicated time points after α-
factor removal. Black arrowhead: short bar-shaped spindle. Intensities at two 
tips of the spindle are from astral MTs. 
 
5.3.2 Kinetochore-MT localization in metaphase-arrested cells 
In budding yeast, kinetochores on sister chromatids are attached to 
microtubules emanating from two poles to establish bi-orientation during 
metaphase. To stabilize the bi-orientation, microtubule dynamics exerts 
tension on the kinetochore by pulling it towards the spindle pole (Nicklas, 
1997). This means that at the same time, Dam1 complex binds to the tip of 
kinetochore fibers and produces force by converting MT dynamics to 
kinetochore movement (Asbury et al., 2006).  
 
We arrested cdc20Δ GAL-CDC20 cells (US1375) at metaphase and high-
pressure froze them. Then we cut the vitreous sample into 50-100 nm thick 
cryosections and collected tilt series in cryo-TEM. Cryo-tomograms were 
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reconstructed, which allowed us to visualize the interior of yeast nucleus in 3-
D. The high quality of the tomograms allowed us to easily recognize the 
spindle inside the yeast nucleus (Fig. 5-3A). Then we could orient the 
tomogram to trace MT along its long axis (Fig. 5-3B and 5-3C). On one hand, 
since the spindle in metaphase is ~ 1 µm (Winey et al., 1995) and the 
thickness of our cryosections are 50-100 nm, most MTs in the sections were 
cut by the knife from both sides. One example is marked by white arrowhead 
in (Fig. 5-3B and 5-3C). From the longitudinal view, this MT is truncated 
from both ends and therefore the plus end does not reside inside the section. 
On the other hand, we could find some MTs with a possible plus end. One 
such example MT is marked by black arrowheads in (Fig. 5-3B and 5-3D). 
The MT tip is inside the section (Fig. 5-3D, black arrowhead) and the 
protofilaments appear to be curved, which suggests that it might be a 
depolymerizing plus end (Alushin and Nogales, 2011; Mandelkow et al., 1991; 
McIntosh et al., 2008; McIntosh et al., 2013). We examined this potential plus 
end of the MT and failed to find any regular densities surrounding the MT that 
could be the Dam1 complex. We could not rule out the possibility that the 
quality of the tomogram or the sectioning artifacts prohibited us from 
resolving the Dam1 complex. But it was also possible that Dam1 complex 
might be somehow disassociated from this MT, given its dynamic nature 
(Westermann, 2005). More datasets need to be screened to search for any 
circular densities at the tip of spindle MTs. In addition, datasets with MTs at 
different orientation (e.g. longitudinal view) are also needed in order to 




Figure 5-3 Spindle of metaphase-arrested yeast 
(A) Tomographic slice (10-nm thick) of a metaphase-arrested yeast cell. 
Inside the nucleus, spindle is clearly visible (box) and orientated in 
perpendicular to the viewing plane.   
(B) The spindle is boxed out from (A) and enlarged by 3-fold. Arrowheads 
indicate two examples of longitudinal view of microtubules. Scale bar is 
25 nm. 
(C) A 90° flipped view (along the horizontal axis) of the tomogram in (B) 
centered at the MT marked by white arrowhead. Double-headed arrow 
marks the carbon film that makes contact with one surface of the 
cryosection. Dashed line marks the opposite surface of the cryosection. 
The MT runs through the section and its plus end is outside the section. 
(D) A 90° flipped view (along the horizontal axis) of the tomogram in (B) 
centered at the MT marked by black arrowhead. Double-headed arrow 
marks the carbon film that makes contact with one surface of the 
cryosection. Dashed line marks the opposite surface of the cryosection. 
The MT end has protofilaments that are curved. 
  
5.3.3 MT plus end localization in G1-arrested cells 
In S. cerevisiae, kinetochores remain attached to k-MTs most of the time 
throughout the cell cycle (Winey and O'Toole, 2001). At G1 phase, 
centromeres are clustered around the single SPB at one pole (Jin et al., 2000) 
and as a result, kinetochores should reside in close proximity to the SPB. In 
  
115 
G1 phase cells, the task of locating kinetochores reduces to locating SPB and 
then searching its vicinity. Also, the G1 nucleus is smaller, increasing the 
chance of including kinetochores in the section.  
 
We arrested wild-type S. cerevisiae (strain US1363) at G1 by incubating 
midlog phase culture in α-factor for 3 h. TOVIS analysis was performed as 
above. SPB could be found as a structure embedded in the nuclear envelope 
where spindle microtubules emanated (Fig. 5-4) (O'Toole et al., 1999). Some 
MTs had straight end with protruded protofilaments (Fig. 5-4, white box), 
which suggested that they were polymerizing (Mandelkow et al., 1991). 
Others had ends that coiled inside out, with curved protofilaments at the tip 
(Fig. 5-4, black box). These MTs were in the shrinkage phase (Mandelkow et 
al., 1991). We failed to find any structure near either type of MTs that might 
be a ring-like complex. So far we have only found several plus ends of MTs 




Figure 5-4 Spindle of G1-arrested cell 
Tomographic slice (20-nm thick) of a G1-arrested cell. Arrowhead points to 
the SPB. Inset left: MT with protruded straight end boxed out in white and 
enlarged by 6-fold; Inset right: MT with curved end boxed out in black and 
enlarged by 6-fold. 
 
5.4 Discussion 
Kinetochore is a protein complex that assembles on chromosomes. It attaches 
to spindle MTs to facilitate chromosome segregation and detects errors in case 
of aberrant attachments (Tanaka et al., 2005). Kinetochore has been 
intensively studied both molecularly and structurally for decades, yet how it 
segregats chromosomes by utilizing MT dynamics still remains elusive. Dam1 
complex, a vital component of the outer kinetochore, is of particular interest. It 
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assembles into a ring around MT in vitro (Ramey et al., 2011b) and therefore 
is hypothesized to act as a force coupler (Wang et al., 2007). 
 
We attempted to test this ring-based model by analyzing 3-D structures of 
yeast nucleus prepared by TOVIS. We were able to discern spindles in both 
G1 and metaphase-arrested S. cerevisiae. Protofilaments could be resolved at 
the tip of MTs, which allowed us to identify the polymerization state of a 
particular MT. We found MTs with plus end in the section; however, we failed 
to resolve densities near the plus end that might be the ring-shaped Dam1 
complex. More datasets need to be examined in order to find any common 
feature at MT plus end.  
 
Given the vast volume of the nucleus and relatively small size of the 
kinetochore, most tomograms are in fact devoid of the target of interest. As a 
result, significantly large amounts of data need to be collected and analyzed in 
order to find the kinetochores. To increase the efficiency, several alternative 
methods can be deployed. A first trick is to collect serial tomograms. Yeast 
nucleus occupies a volume of ~ 3 µm3 (Jorgensen et al., 2007) yet the 
thickness of a cryosection is 50 -100 nm, which means each section only 
contains a small fraction of a nucleus. A nucleus is cut into consecutive 
sections during cryomicrotomy (Fig. 5-5). Theoretically, if serial tomograms 
on these successive sections can be collected, then the entire nucleus can be 







Figure 5-5 Illustration of serial tomography 
A nucleus (blue ellipsoid) is cut into four consecutive cryosections (grey 
cubes). Tomograms of each nucleus fraction in the sections are collected. In 
the computer, the four tomograms are joined into one 3-D volume, which 
represents the whole nucleus. 
 
In reality, however, fragile cryosections can be easily broken and often 
contaminated with ice condensation. Also the grid bar inevitably prevents 
large part of cryosection from being visualized. All these factors put a limit to 
the attainable areas on a piece of section. In our hands, up to four serial 
tomograms has been collected from the nucleus of the same cell (Fig. 5-6). 





Figure 5-6 Example of serial tomography 
Four tomographic slices (20-nm thick) from four sections of the same 
metaphase-arrested cell. Each slice is centered on the spindle. Scale bar is 50 
nm. 
 
A second trick is to use correlative light and electron microscopy (CLEM) 
technique (Briegel et al., 2010). Dam1 complex can first be genetically tagged 
by fluorescent proteins such as GFP (Tsien, 1998). Then cells are high-
pressure frozen and cut into cryosections the same way as aforementioned. 
The grid with cryosections is loaded into a cryo-fLM. Fluorescence 
microscopy images are taken at relevant channels (Schwartz et al., 2007) and 
the spatial locations of fluorescence signals can be recorded by the pre-added 
fluorescence beads as fiducial markers. Subsequently, the same sample is 
transferred into a cryo-EM. Coordinates from fLM can be transformed to EM 
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by using fluorescence markers (Schellenberger et al., 2014). Then tilt series 
can be collected at targets of interests that are identified by fLM.  
 
CLEM allows rare or dynamic targets recognized by fLM to be identified and 
imaged by cryo-EM; therefore it will be a valuable tool in our study. However, 
several technical challenges prevent CLEM from being broadly used. First, the 
sample must be kept below -135 °C at all times and therefore the fLM must be 
equipped with a special cryo-stage that is able to cool down the whole system 
and to minimize contamination and drift during imaging (Sartori et al., 2007; 
Schwartz et al., 2007; van Driel et al., 2009). Second, fLM images must be 
recorded with high sensitivity and high resolution in order to allow 
identification of tiny structures. Due to the extremely low working 
temperature, dry lens system is typically used and therefore it requires 
objective lens with maximum numerical aperture (Schorb and Briggs, 2014). 
Third, the fLM and EM images must be accurately correlated in order to 
pinpoint the fluorescence signal in the tomogram. Global correlation can be 
done by using landmarks on a finder grid (Sartori et al., 2007). Precise local 
alignment around the target can be achieved by using fluorescence beads that 
are electron-dense and fluoresce in multiple wavelengths (Schellenberger et al., 
2014; Schorb and Briggs, 2014). Due to these challenges as well as the fragile 
nature of cryosections, there are very few studies of CLEM on cryosection 
(Schorb et al., 2016; Schwartz et al., 2008) and the first tomogram from such 




Chapter 6 : Conclusion and Future work 
Chromatin packing has been intensively studied over the past few decades. In 
vitro studies reported that virtually all kinds of chromatin samples, be it 
purified chromatins or reconstituted oligonucleosomes, can pack into 30-nm 
fiber under certain buffer condition (Finch and Klug, 1976; Robinson et al., 
2006; Song et al., 2014). The 30-nm fiber motif has also been found in a few 
highly differentiated cell types including chicken erythrocyte (Scheffer et al., 
2011) and sperm cells (Woodcock, 1994). However, in proliferating cells, the 
presence of 30-nm chromatin fiber is under question. Several cryo-EM Studies 
as well as studies based on 3C methods failed to detect the chromatin fibers 
inside yeast and human cell nucleus (Eltsov et al., 2008; Gan et al., 2013; 
Hsieh et al., 2015).  
 
Cryo-ET permits the direct visualization of biological complexes with 
molecular resolution in situ, which allows us to study their biological function 
in vivo (Fig. 6-1). To apply the technique to yeast chromatin study, the cell 
must first be thinned into 50-100 nm sections. We first address the difficulties 
of cryosectioning and design our own set of tools, which allow us to 
reproducibly generate high-quality cryosections. With these tools, we generate 
3-D tomograms of yeasts arrested at G1 and metaphase, respectively. By 
controlling for the sectioning artifacts, we show that nucleosome densities in 
both cells are irregular and disordered. We cannot resolve any periodic long-
range structure inside the nuclei. Quantitative analysis also shows that signals 
from repetitive structures arise predominately from nucleosomes instead of 
30-nm fiber. Given the recent notion of tri- or tetra-nucleosomes clustering in 
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S. cerevisiae (Hsieh et al., 2015), we search for possible oligonucleosomes by 
templating matching. While we are able to identify oligonucleosome clusters, 
they are highly heterogeneous and do not have preferred arrangement. Based 
on our data and other’, we propose that nucleosomes in S. cerevisiae do not 
pack into 30-nm fibers. The chromatin is polymer-melt-like and is regulated 
by local clustering of nucleosomes, which might be gene bodies. 
 
Figure 6-1 Implications of function from molecular details 
Visualization of nucleosomes (blue) and associated transcription factors 
(green) and chromatin remodeling complexes (grey) with molecular resolution 
helps to understand their biological functions inside living cells. 
 
One major limitation of our chromatin study is that the resolution is still not 
high enough to unambiguously identify individual nucleosomes. This makes it 
difficult for us to interpret the detailed nucleosome-nucleosome interactions. 
There are several factors that could potentially further increase the quality of 
the tomograms. First, advances in instrumentation will allow better images to 
be recorded. A Volta phase plate was recently installed on our cryo-EM. It 
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increases the contrast in the tomogram significantly, making it much easier to 
resolve macromolecular structures inside the nucleus (Mahamid et al., 2016). 
In the future, we should collect more tomograms with phase plate to be able to 
visualize the nucleosomes more clearly. Direct electron detectors detect 
electrons directly, significantly reducing the noise in the image and therefore 
are considered to be revolutionary in cryo-EM field (Bai et al., 2015). While 
Falcon I/II direct cameras were used to collect all the images in this thesis, 
these cameras do not support super-resolution imaging mode, which would 
reduce the Nyquist limit by half. In the future, we could try detectors that 
support the super-resolution mode, such as a K2 camera, to further increase 
the resolution of our tomograms. Energy filter is another instrument that we 
should use in the future. It removes inelastically scattered electrons and 
significantly increases contrast. Second, it is possible to improve the quality of 
the sample by using alternative thinning techniques such as cryo-FIB milling. 
Compared with cryosections, milled sample is virtually free from cutting 
artifacts, such as compression and chatter. Therefore the overall chromatin 
organization is preserved at best and nucleosome densities are revealed as 
faithful as possible. This is evidenced by a recent study that directly resolved 
nucleosomes in HeLa cell (Mahamid et al., 2016). The application of cryo-FIB 
milling to chromatin studies will no doubt enhance our current understanding 
of local nucleosome-nucleosome arrangement. Last, advances in image 
processing will also help improving the quality of our tomograms. Each image 
recorded by direct detector is composed of a stack of frames. Movie correction 
algorithms detect shifts between each frame and align frames to minimize the 
shift. The resultant image has increased resolution due to reduced drift. 
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Development of CTF correction algorithms will determine the zero-crossing 
frequencies more accurately and recover high-resolution information from the 
image. Advanced noise reduction algorithms will likely reduce the inherent 
noise inside the tomogram and display the feature more clearly for 
visualization. 
 
Another limitation of this study is that we only sample two points in the cell 
cycle, namely G1 phase and metaphase. Chromatin organizational states at 
other times need to be investigated. One possible approach is to randomize the 
cell cycle state and analyze the culture the same way we did in this study. 
With enough number of tomograms collected and analyzed, more cell cycle 
states can be included in the final conclusion. This will help us understand 
chromatin conformational change, if any, along with the cell cycle progression. 
Besides S. cerevisiae, more model organisms need to be studied in order to 
test whether 30-nm fiber is truly an outlier. 
 
Finally, this study mainly focuses on the structural aspect of chromatin 
organization. How local inter-nucleosome interactions are established and 
regulated also remain to be discovered. Histone post-translation modifications 
such as acetylation likely play important roles in regulating nucleosome 
interactions. Same studies as in this thesis can be applied to yeast mutant 
strains with hyperacetylation. Comparison of nucleosome arrangements 
between these mutant strains and the wild type may give new insights in 
chromatin packing. In addition, chromatin organization’s relevance to 
transcription regulation remains to be tested. Yeast mutant strains where 
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transcription is reduced or shut down completely can be used to test if 
nucleosomes are rearranged. Alternatively, artificial chromatids without 
transcription ability can be induced into a wild type cell. The conformation of 
these alien chromatins can be studied using similar technique presented in this 
thesis. 
 
As a side project, in chapter 5, we search for the possible Dam1 complex ring 
at the plus end of kMTs in S. cerevisiae. We are able to locate the spindle MTs 
in both G1 and metaphase cells and find several plus ends of both 
polymerizing and depolymerizing MTs. However, we fail to resolve any 
circular densities around the MT plus end that could be attributed to Dam1 
complex. Our working is still ongoing. Also we cannot rule out the possibility 
that sectioning artifacts distort the delicate ring-like structure beyond 
recognition. Rigorous in vitro controls need be done to show whether or not 
Dam1 complex assembly on the MT is well preserved and discernible in the 
tomograms. 
 
In our opinion, the major difficulty of locating the Dam1 complex comes from 
the fact that it is a rare structure in a crowded background. Large amount of 
data need to be collected in order to find a few MTs with plus end inside the 
section. It is also time consuming to inspect each noisy tomogram to search 
for this tiny structure. To make this process more efficient, several novel 
techniques can be employed. First, as explained above, the phase plate will 
improve the contrast of the tomogram. Second, we should attempt to collect 
serial tomograms from consecutive sections, which contain successive 
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volumes of the same nucleus (see Chapter 5 for details). By this way, the 
majority of or even the entire volume of the nucleus can be reconstructed and 
the whole spindle can be visualized and inspected to find the kinetochore 
region (Höög et al., 2007). Third, we could genetically label one component of 
the Dam1 complex with GFP and use CLEM technique to help us screen for 
cryosections that contain our target (Zhang, 2013). The cells are high-pressure 
frozen and sectioned the same way as before and then loaded onto a cryo-fLM 
(Schorb and Briggs, 2014). Locations of florescence signals corresponding to 
the Dam1 complex are stored. Subsequently, the same sample is transferred 
into the cryo-EM and only tomograms will be collected only on the locations 
with florescence signal. As a result, all the tomograms will contain the Dam1 
complex, thus greatly reducing the necessary data size (see Chapter 5 for 
details). 
 
Once the kinetochore structure is known, its mechanism can be investigated. 
Tension is hypothesized to be essential for kinetochore-microtubule 
attachment. Comparison between G1 kinetochore and metaphase kinetochore 
will be informative to test this hypothesis, as in G1, kinetochore on the 
chromosome is attached to the only SPB and experience little tension. Also, 
tensionless spindle can be generated by allowing cells to enter mitosis without 
DNA replication (Stern and Murray, 2001). This way, unreplicated chromatids 
are attached to one pole without tension from the opposite pole due to the lack 
of sister chromatids. The kinetochore of these cells will likely have a different 
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